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ABSTRACT OF THESIS

PREDICTION OF TROPICAL CYCLONE RAPID INTENSIFICATION EVENTS

The largest errors in tropical cyclone intensity forecasting are usually the result of

rapid intensification events, where rapid intensification is defined as a change in minimum

central pressure of at least 42 hP4 in a 24 hour period, or a satellite-inferred increase in

maximum sustained winds of at least 23 ms - 1 per day when no measurefnent of central

pressure is possible.

An observational and theoretical study is made of the unique characteristics of rapidly

intensifying typhoons in the western North Pacific. Climatological data, digital infrared

satellite imagery and composited rawinsonde sounding data within 5 of the center of

tropical cyclones were used to identify the distinctive features associated with rapid inten-

sifiers when compared to other stratifications of non-rapid intensifiers and non-intensifiers.

Results show that rapidly intensifying tropical cyclones develop at latitudes equatorward

of the seasonal mean in favored regions of the western North Pacific during the primary

typhoon season from July to November.'.Rapid intensity change is indicated on satellite

imagery as an extreme concentration of convection near the cyclone center. Relative con-

centrations of inner and outer deep cumulhs convection reveal a predictive relationship

between the ratio of inner core to outer core convection and the onset of rapid intensity

change 12 hours later. This prediction technique was found to successfully forecast rapid

or non-rapid intensification in over 90% of the cases in a three-year study of 70 northwest

Pacific tropical cyclones

A physical explanation of the likely processes associated with rapid intensification is

also presented. Rapid intensification is believed to be the result of weak asymmetrical -

Iii



wind flow across the cyclone center at upper levels of the troposphere. Rapid intensifiers

are shown to have large warm anomalies near the tropopause and weak vertical shear of

tangential winds below 150 hP . .

Dan B. Mundell
Department of Atmospheric Science
Colorado State University
Fort Collins, Colorado 80523
Summer, 1990
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Chapter 1

INTRODUCTION

1.1 A Personal Experience

On 19 November 1987, a rather ordinary tropical cyclone in the western Pacific

attained tropical storm intensity and was named Nina. Over the next several days it con-

tined to d,-elop at a normal rate, reaching 90 knot (46 ms - 1) intensity on 24 November.

Residents of Samar and southern Luzon in the Philippines did what they could to prepare

for yet another typhoon. Like most tropical cyclones, Nina was not expected to intensify

further, even weakening some, due to its proximity to land. But something unusual hap-

pened on 24 November 1987. Instead of weakening, Nina abruptly intensified, ieaching

winds estimated in excess of 150 kt (77 ms - 1 ) in less than 24 hours. The preparations for

Nina's passage were not sufficient for the fury of its incredible winds. Hundreds died and

about half a million people were homeless in the aftermath of one of the most destructive

typhoons in recent memory (JTWC, 1987).

Could the magnitude of this disaster have been prevented or even reduced? Is it

possible to forecast rapid intensification? These and other similar questions are the subject

of this research.

1.2 The Present State of Intensity Forecasting

There are two basic forecast problems which daunt the tropical cyclone forecaster.

The first is cyclone motion and the second is intensification. Numerous recent studies

have concentrated on the first problem, but much less research has been devoted to the

question of whether a given tropical cyclone will intensify or not, and to the rate of future

intensification. The purpose of this study is to determine the primary factors which can
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be used by the operational tropical forecaster to accurately predict intensification rates

of tropical cyclones. The focus of this research is rapid intensification, a phenomena

that occurs often without any prior warning, and can devastate large population and

industrial centers due to a large, sudden increase in destructive potential in conjunction

with inadequate warning lead time.

Of particular interest will be intensity forecasts based primarily on available satellite

data. Since the discontinuance of aerial reconnaissance in the northwest Pacific Ocean

(NWPAC) in August 1987, only a small percentage of tropical cyclones are monitored using

aircraft Thus, satellite-based intensity forecasting techniques would be in greater demand

and have more worldwide application. Currently the only intensity forecasting techniques

used by tropical cyclone forecast centers are based on persistence or extrapolation of past

trends. The Dvorak intensity forecast model (Dvorak, 1984) is globally accepted as the

best method available to forecast future intensity changes without the benefit of cyclone

intensity measurements by aircraft. Yet the Dvorak model is simply an extrapolation

forward of the past 24 hour trend unless the cloud pattern or its environment indicate

strong favorable or unfavorable signs for future development. The obje:tive of this research

is to provide operational forecasters with more skillful forecasting techniques that are an

improvement over intensity forecasts based on extrapolation and persistence.

1.3 Previous Research

Most of the studies conducted over the past 20 years concerning rapid intensification

of tropical cyclones have been primarily climatological in nature. Probably the most in-

depth research of the climatology of rapidly intensifying typhoons were done by Holliday

and Thompson (1979) (see also Brand, 1972; Brand and Gaya, 1971). The climatological

facts revealed in these papers have been used extensively in this research. The climatol-

ogy of rapid intensifiers discussed in this research will be an extension of previous studies.

With the demise of aerial reconnaissance in 1987, it is assumed that this climatological

record can be considered complete inasmuch as verifiable, measured intensity changes used

to distinguish rapid versus non-rapid intensifying typhoons in the western North Pacific is
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concerned. Very little intensity forecasting research outside of climatological studies has

been conducted over the past twenty years. A study of the cloud top equivalent blackbody

temperatures of tropical cyclones and intensity change revealed that there was a strong

relationship between cloud top temperatures with both current and future intensity (Gen-

try et aL., 1980; Steranka et aL, 1986). Gentry developed a set of regression equations

used to predict intensity change based on an observed lag between convection and inten-

sity change. Pike (1985) referred to geopotential height changes as a predictor of future

intensity. Both of these methods are not used in an operational sense by any major trop-

ical cyclone forecast center. Dunnavan (1981) found a relationship between the 700 hP

equivalent potential temperature and the sea level pressure. An intersection of the traces

of each variable was considered a predictive signal for further intensification to sea level

pressure values below 925 hP.. This technique was routinely used by JTWC forecasters

on Guam to predict super typhoons (maximum sustained winds of 67 ms - t or more) and

rapid intensification with a reasonable amount of success. The measurement of the 700 hP"

equivalent potential temperature and surface pressure was accomplished using Air Force

reconnaissance aircraft. Without aircraft, this method of intensity forecasting is no longer

used in the NWPAC. Chen and Gray (1985) and Merrill (1988) tied intensity changes to

environmental outflow patterns but without any specific intensity forecast scheme. A sta-

tistical intensity forecast scheme developed for the Atlantic by Merrill (1987) was unable

to demonstrate forecast skill over the SHIFOR climatology and persistence forecast model

by Jarvinen and Neumann (1979).

1.4 Motivation

In comparison to the amount of research effort to improve track forecasts, there has

been a lack of research in the field of intensity forecasting. Consequently, there are few

operationally useful methods that can be applied to predict future intensity. Accurate

prediction of intensity is equally as important as small track forecast errors. In the recent

example of Hurricane Hugo, the sudden pressure drop which occurred shortly before land-

fall was not forecast, creating a situation where the maximum winds and the size of the
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hurricane-force wind field were significantly greater than the warnings just a few hours

before landfall had indicated. The net effect of under-forecasting accelerated rates of in-

tensification cannot be calculated. But clearly if rapid intensification could be accurately

predicted at least 0 to 12 hours in advance of the onset of intensification, advance warning

would allow more adequate preparation for stronger winds in the threat areas and likely

help reduce the number of deaths and damage.

Why isn't more being done to address the intensity forecast problem? The author

suspects that numerical and statistical modeling attempts to predict intensity change have

not been able to demonstrate significant improvement over climatology and persistence

models. The factors which affect intensity change may not be adequately resolved by the

grid region used in the numerical and statistical methods. But as (or more) important, a

complete understanding of the distinctive characteristics of rapid intensifiers versus non-

intensifiers is lacking. It is likely that a better understanding of rapid intensity change

characteristics and how they can be applied to numerical/statistical models will aid in

the development of new intensity forecast models which will be an improvement over

climatology/persistence forecasts.

Therefore, the motivation for this research is threefold:

1. Update the climatology of rapid intensifiers in the NWPAC, and show how knowledge

of climatological probability can reduce large forecast errors .

2. Since satellites are the primary reconnaissance tool for most tropical cyclone forecast

centers, develop ways the satellite data can be better used by forecasters to predict

future intensity change. In particular, this study attempts to compensate for the loss

of aerial reconnaissance in the NWPAC by finding a replacement for the Dunnavan

technique used to predict rapid intensification.

3. Identify the unique characteristics of rapidly intensifying cyclones, and present a

theory that explains the process of rapid intensification. Better measurements of

rapid intensifiers and newer fine mesh resolution models of these distinctive char-

acteristics might be used to improve our understanding of the rapid intensification

process.
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DATA SET AND STRATIFICATIONS

2.1 The Climatological Data Set

The period from 1972 to 1987 was selected to determine the climatology of western

North Pacific (NWPAC) intensity change. Starting in 1972. satellite data was routineiy

used by the Joint Typhoon Warning Center (JTWC) to locate tropical disturbances and

monitor their development (intensity change). The bulk of the climatological information

discussed in this thesis is based on the latitude at which tropical storm and typhoon

intensity were first attained, so it was deemed prudent to limit the size of the climatology

data set to a 16 year period where concurrent satellite and aircraft reconnassan ,! data

were available to ensure position and intensity consistency. The availability of aerial

reconnaissance, (discontinued on 15 August 1987 in the NWPAC), is vital for verification

of intensity change measurements.

In addition, the rapid intensifiers which occurred in the NWPAC between 1956 and

1971 were included in the climatological data set, primarily to increase the number of rapid

intensifiers studied. A total of 119 tropical cyclones were classified as rapid intensifiers

during this 33 year period, and are listed in Appendix B. Intensity measurement data, as

published in the Annual Typhoon Reports (ATR) from 1956-79 and the Annual Tropical

Cyclone Reports (ATCR) from 1980-87, were used to determine intensification rates and

to classify tropical cyclones as rapid intensifiers and non-rapid intensifiers. The 24 hour

change of minimum sea level pressure was the primary classification factor.

2.2 Stratifications of the Climatological Data Set

Tropical cyclones which occurred in the NWPAC during the period of study were

stratified into rapid intensifier, non-rapid intensifier, and non-intensifier categories. Addi-



tionally, regional differences were considered by distinguishing whether initial development

happened in the western North Pacific (NWPAC) or in the South China Sea (SCS). All

storms were categorized by initial tropical storm latitude (TS Lat), initial typhoon latitude

(TY Lat), maximum intensity, and intensification rate. The number of hours required to

reach maximum intensity (peaking hour) was used to determine intensification rate.

2.3 The Satellite Data Set

Satellite imagery is the primary reconnaissance tool used to monitor tropical cyclone

intensity in all ocean basins worldwide with the exception of the western Atlantic and

Gulf of Mexico regions, where aircraft are utilized by the United States government for

positioning and intensity measurements. Of the various satellite platforms available for

tropical cyclone observation, the Japanese Geostationary Meteorological Satellite (GMS),

National Oceanographic and Atmospheric Administration (NOAA) -.nd Defense Meteoro-

logical Satellite Program (DMSP) satellite data were used to distinguish unique charac-

teristics of NWPAC rapid intensifiers which are apparent on routinely available satellite

imagery. The data set used for this research included a 4 year sample of GMS 4ligital in-

frared satellite data on magnetic tape supplied by the NOAA satellite applications branch

at Fort Collins, Colorado for the primary June to December seasons of 1983 to 1986.

This data which is available to William M. Gray's tropical cyclone research project, has

a spatial resolution of 10 km and a temporal resolution of once every three hours (8 per

day) with the exception of July and August 1984, where it is only once every six hours (4

per day). "Hardcopy" visual and infrared NOAA and DMSP data for the 1986 and 1987

tropical seasons was obtained from the JTWC.

Both DMSP and NOAA satellites are in a polar orbiting low-earth orbit. Typically,

two passes are available per day for each satellite over a given tropical cyclone, one in

the daytime and one at night. For the 1986-87 seasons, the DMSP satellites F6, F7

and F8 were operational in addition to the NOAA 9 and 10 spacecraft. Three to four

spacecraft were operational at the same time, which means that high resolution satellite

reconnaissance of a tropical disturbance was possible 6 to 8 times per day. For the purposes
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of this research, satellite intensity estimates using the Dvorak EIR (enhanced infrared)

and digital IR techniques were taken approximately every three hours to determine the

rate of intensification as measured from satellite. In addition, for the digital IR GMS

data it is possible to count the number of individual data points (pixels) with a brightness

temperature colder than a particular value to determine the amount of deep convection

for a given octant or radial band. This technique was extensively used in this study to

determine relative concentrations of convection around the cyclone center.

2.4 The Composite Rawinsonde Sounding Data Set

For several years, Gray and his research group at Colorado State University have

used composited rawinsonde soundings for tropical cyclone studies. Individual soundings

and rawinsonde composites were extensively used to determine the unique characteristics

of rapidly intensifying tropical cyclones. All composites are based on a cylindrical grid

fixed on the cyclone center, divided into eight octants and extending out to 150 (1665 km)

radius (Fig. 21). The primary radial bands used from the composite data set were 0 to 20

(0 to 222 kin) for inner core and 3 to 50 (333 to 555 kin) for outer core research. The outer

circulation region beyond 50 was not studied extensively because most of the significant

differences between rapid and non-rapid deepeners were expected to be found close to the

cyclone center. Individual soundings were assigned an octant and radial band for averaging

purposes based on the distance and direction of the rawinsonde site relative to the cyclone

center. In the vertical, composite data is available for 22 pressure levels, from the surface

to 50 hP. (Fig. 2.2). At each pressure level, all soundings in a particular octant grid space

or radial band are averaged to obtain mean values of such meteorological parameters as

temperature, wind, moisture content, and geopotential height. In addition, by subtracting

out the motion of the tropical cyclone, it is possible to determine such factors as radial

and tangential wind components relative to a moving center. The primary composite

parameters utilized in this research were the tangential winds, radial winds, temperatures

and geopotential heights.

Tropical cyclones were stratified according to intensity, the rate of 24 hour intensity

change, and time period relative to the intensity change.
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Figure 2.1: Cylindrical coordinate grid used to composite rawinsonde data relative to a
fixed cyclone at the center. Octant is oriented to the north. Tangential and radial com-
ponents of the wind were computed relative to the moving cyclone center by subtracting
the storm motion vector. Temperature and height measurements were in a stationary
coordinate system (Frank, 1977).
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Figure 2.2: Illustration of the vertical resolution available in the composited rawinsonde
stratifications utilized in this research.
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Rapid intensifiers were defined by an intensity change of > 42 hP in 24 hours. This

is the same definition used by Holliday and Thompson (1979). Storms were classified as

non-rapid intensifiers if Ap was between 15 and 35 hP, and non-intensifiers if intensity

change was 10 hP. or less. A total of 13 stratifications listed in Table 2.1 were identified in

this manner. These stratifications and the time period involved are presented graphically

in Fig. 2.3.

2.5 Limitations of the Composite Data Set

It is an accepted fact that large variation is possible within each composite stratifi-

cation. Averaging of data will tend to smooth outlying data that may (or may not) be of

importance when considering individual sounding cases. The premise upon which corn-

positing methods are based is that, given a sufficient number of individual soundings, it is

possible to get an accurate vertical and horizontal representation of the average tropical

cyclone in a particular stratification. When comparing one stratification to another, such

as "Before Rapid Intensification" to "After Rapid Intensification", it is implicitly assumed

that it is the same as comparing two soundings, one before the onset of rapid deepening,

and a second after rapid intensity change has commenced. It must be noted that all be-

fore/after stratifications are independent. Two soundings are not paired together so that

one is part of the "before" category and the other in the "after" column.

Since tropical cyclones occur in the data sparse open ocean regions, a lack of rawin-

sonde data extremely dose to the cyclone center is to be expected. Soundings both within

1 (111 kin) of the center and during a period of rapid intensity change are a rare but

valuable source of information about the distinctive characteristics of rapid intensifiers.

The number of soundings within 0-1* compared to other radial belts for the composite

data set is presented in Table 2.2. For these reasons, individual soundings were used in

place of composite data for the 0-1* radial belt.
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Table 2.1: Description of the various composite stratifications used in this study to
identify unique features of both rapid and non-rapid intensifiers. The before and after
stratifications distinguish ongoing temporal changes that occur during intensification or

non-intensification. Stratification by initial intensity was necessary because rapid intensi-

fiers have tropical storm characteristics before the onset of rapid intensification and have

mature typhoon characteristics afterward. r and S are mean values of the intensification

and non-intensification classes, respectively.

DESCRIPTION MSLP
TIME PERIOD (hPa)

Before Intensification / Tropical Storms - 30 to 24 Hours Before Onset

12 After Intensification / Tropical Storms 9671_ o to 24 Hours After Onset

13 Before Intensification / Typhoons 966
0 to 24 Hours Before Onset

14 After Intensification / Typhoons 945
0 to 24 Hours After Onset

" Intensifiers 15 hPa 1 ap 1 35 hPa / day 967
24 Hours Before to 24 Hours After Onset

N I Before Non-Intensification/Tropical Storms 9980 to 24 Hours Before Onset _9_

N4[2  After Non-Intensification/ Tropical Storms
0 to 24 Hours After Onset 993

N3 Before Non-Intensification/ Typhoons 963
0 to 24 Hours Before Onset

N4 After Non-Intensification/ Typhoons 962
0 to 24 Hours After Onset 962

--N Nan - Intensifiers lp i 10 hPa / day 97
24 Hours Before to 24 Hours After Onset

R I Before Rapid Intensification &p 2 42 hPa 98312 to 24 Hours Before Onset __3

R2 -After Rapid Intensification Ap 2 42 hPa Y)R2 0 to 12 Hours After Onset 956
R Rapid Intensifiers Ap I 42 hPa /daj 969

r-24 Hours Before to 12 Hours After Onset
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Figure 2.3: ilustration of the time versus intensity profiles for the 12 different composite
stratifications used to identify distinctive characteristics of three main classes of intensifi-
cation: rapid intensifiers (R), intensifiers (1), and non-intensifiers (N). The intensity range
of the rapid intensifier composite is intermediate to the other classifications and does not
include the time period 12 to 24 hours after onset.
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Table 2.2: Availability of upper level rawinsonde soundings for a given radial band for
the 12 composite data sets. The distribution of data is not uniform among radial octants
within 20 of the center.

Rawinsonde Soundings per Radial Band (200 hPa)

COMPOSITE 0-1* 1-20 2-30 3-4" 4-50

I1 8 25 49 65 92

12 7 28 50 80 118

13 4 25 56 94 132

14 4 33 75 129 159

Y 23 111 230 368 501

NI 15 19 33 49 68

N2 7 38 55 78 115

N3 14 36 93 165 192

N4 8 57 126 207 248

'W" 44 150 307 499 623

R1 3 11 19 27 35

R2 2 5 17 23 32

R 5 16 36 50 67

- -aI



Chapter 3

THE CLIMATOLOGY OF INTENSIFICATION

3.1 Definitions

For the purposes of this research, rapid intensifiers were defined to be tropical cyclones

which intensified at a rate of least 42 hP., the equivalent of 23 ms - 1 (45 kt) per day, for

a period of 24 hours or more. The basis for this rate of intensification was the measured

minimum sea level pressures (MSLP) and 700 hP heights as published in the JTWC

Annual Tropical Cyclone Reports (ATCRs). For the period of study from 1972 to 1987,

60 rapid intensifiers were identified in this manner, as compared to a total of 403 named

tropical cyclones during the same period. Approximately 15% of all cyclones that reached

tropical storm intensity in the NWPAC during the 70's and 80's experienced a period of

rapid intensification (Appendix B).

The definition of rapid intensification is arbitrary; Holliday and Thompson (1979)

selected a rate of >1.75 nb hr-1 for 24 hr or >42 mb d-1 to identify rapid intensification.

Brand (1972) however, used a different criteria. He defined rapid intensification as "an

increase in maximum surface wind of .50 knots or wore in 24 hours".

JTWC (ATCR appendix) defines "rapid deepening" as a decrease in the MSLP of

at least 1.25 hPI hr-1 for 24 hours, or 30 hP. d-1. The JTWC definition of "explosive

deepening" is a decrease of 2.5 hP= hr-1 for 12 hours or a decrease of 5.0 hP, hr - ' for 6

hours. Another definition of rapid intensification would be a AVm,, of at least 20 ms- 1 ,

which is twice a mean intensification rate of 10 ma- 1 per day. For the sake of consistency,

the value cf 42 hP (45 kt) per day was selected as being the best figure used to define

"rapid intensification".

The b , t traf- winds are a post-analysis estimate of maximum sustained winds at 6

hour intervals, using all available wind intensity data, including aircraft, satellite, ship



• 15

and land station synoptic reports. Where aircraft measurements of MSLP or 700 hP,

level height were not available, the best track winds were used to determine the rate of

intensification.

Julian Month is a climatological unit of time, defined to be an overlapping 30 day

period centered about the midpoint (15th day) and taken every five days. Julian months

are used instead of the terms "mid-July to mid-August", etc.

Period 0 means the point in time, as determined by the best track, that a tropical

disturbance is classified as a tropical storm with maximum sustained winds of 18 ms - '.

The term Period I is defined to be the number of hours after TS classification that the

period of most rapid intensification begins. Period 2 is the number of hours after TS

classification that rapid intensification ends.

Period 3 is defined to be the number of hours after tropical storm classification that

the maximum intensity is attained (as determined by the best track). Figure 3.1 is a time

vs intensity depiction of these terms.

Tropical Storm Latitude (TS Lat) is the latitude at which a disturbance is initially

upgraded to a tropical storm with maximum sustained winds of at least 18 ms' (34 kt),

as determined in the post-analysis best track. Similarly, Typhoon Latitude (TY Lat) is

the latitude at which a tropical storm is initially upgraded to a minimal typhoon with

maximum sustained winds of at least 33 ms - 1 (64 kt). Genesis Region (GR) refers to the

5 latitude belt at which a disturbance is upgraded to a named tropical storm.

3.2 Objective

The primary objective of this research is to reduce the magnitude of 24 hour forecast

intensity (24 FI) errors which are the result of rapid intensification. It will be shown that

the majority of 24 FI errors are relatively small. The author believes that such small

intensity errors are not a serious forecast problem. In most cases, the intensity forecasting

techniques currently used are adequate for non-rapid intensification and dissipation, and

only small improvements are possible. Major strides can be made, however, toward reduc-

ing large 24 FI errors if the factors which precede rapid intensification can be identified
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IDEALIZED MODEL OF RAPID INTENSIFICATION

S 60-

30-

20.

03b 54 72
t HOURSf -t

Period 0 Period 1 Period 2 Period 3

Figure 3.1: Ilustration of an idealized time versus intensity model of rapid intensification.
Period 0 is defined as the point that initial tropical storm intensity is attained. Periods
1 and 2 identify the onset and termination points of rapid intensity change, respectively.
Period 3 occurs at maximum intensity.
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and incorporated quickly into the operational forecast. The knowledge of the climatology

of rapid intensifiers is the first basic factor which can be used to forecast rapid deepening.

A secondary objective is to reduce the magnitude of 48 and 72 hour forecast intensity

errors. Since the long range forecasts are based even more on climatology and persistence,

it is likely that a reduction of 24 F1 errors would, in turn, reduce 48 and 72 F1 errors. The

climatology of intensification rates is especially useful for long range forecasting.

3.3 Forecast Intensity Errors

The mean 24 Fl errors of the JTWC for an entire season are 6.4 ms - , with a bias

of -0.3 ms - 1. Statistics for a sample of six NWPAC years from 1980 to 1985 are given

in Table 3.1. Figure 3.2 is a frequency distribution of the 24 FI errors for this set of six

consecutive seasons. The intensity errors appear to be normally distributed about a mean

of 0. If we assume the true distribution is a standard normal curve with a mean of zero

and a standard deviation of 8.7, then if the errors are given discrete values at 2.5 ms - 1

intervals, this would mean that at least 68.26% of the forecast intensity errors should be

within 8.7 ms - 1 of a "perfect" forecast of 0 error. Indeed we find this to be true. Table

3.1 also lists the total percentage of 24 Fl errors within ±7.5 and 10 ms - 1 for the 1980-85

sample. The probability of a 24 FI error of 13 ms - t or more for this normal distributioLn

is .1416.

3.4 Rapid Intensification Forecast Errors

There is a lower percentage of accurate intensity forecasts for rapid deepeners, how-

ever. Only 40 and 51 percent of the 24 FI errors are < 7.5 and 10 ms - 1 , respectively,

during a period of rapid intensity change. During rapid intensification, much higher 24

hour forecast intensity errors are the norm. The 24 FI errors for the time period from

24 hours before "Period 1" to 24 hours after "Period 2" were tabulated to compare the

magnitude of intensity forecast errors for 60 rapid intensifiers during 1972-87 versus all

cases. The results for rapid deepeners are shown in Table 3.2.

The mean is nearly twice as large as the non-rapid 24 Fl errors. The difference

in mean values are significant at the .001 level. Note that the strong negative bias of
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Table 3.1: JTWC 24 hour intensity forecast error statistics as determined by the official
best track for the 1980 to 1985 NWPAC seasons. The bias is given by 2, the standard
deviation by a and by the mean by 12 1. Error values are in ma- 1 .

Forecast Intensity Error Statistics

YEAR X :17.5 m3- X A i ns1  a IIi counit-

I gao 75.86 84.55 -0.79 8.67 6.46 472

i9a1 74.41 86.14 -1.30 7.97 6.22 469

1 982 75.75 84.18 -0.57 8.16 6.08 664

1 983 66.56 78.77 -0.46 10.01 7.78 344

1984 74.21 82.46 +0.07 8.76 6.63 473

1985 78.26 87.22 +1.17 7.47 5.89 469

80-85 74.61 84.12 -0.32 8.48 6.43 2891

450.

1980-85 x -0.3msw
30 Intensity Errors a -8.5 MS-1

300~~ ~ --------- ----

U200.

50. .-.. .. ...................

50

-80 -60 -40 20O 0 20 40 60 80 kt

-41 -31 -21 -10 0 10 21 31 41 ms-'

Figure 3.2: Histogram of the JTWC 24 hour intensity forecast errors for the 1980 to 1985
NWPAC seasons.
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Table 3.2: Comparison of JTWC 24 hour forecast errors (in ms - ' for a period of rapid
intensification versus all JTWC intensity forecast errors for the 1980-85 seasons. The
rapid intensification period was defined as 24 hours prior to onset until 24 hours after the
termination of rapid (Q 1.75 hP h- 1 ) deepening.

MEAN BIAS ST. DEV. COUNT

RAPID
INTENSIFIERS 12.4 -9.7 11.2 468

72 -87
ALL

STORMS 6.4 -0.3 8.5 2891
80 -8$5

-9.7 ms - 1 reflects an inability to accurately predict rapid intensity change, resulting in

under-forecasting of tropical cyclone intensity just 24 hours later. The likelihood of large

(> 13 ms - 1) errors in the 24 hour intensity forecast is about 50% during a period 24

hours before to 24 hours after rapid deepening. It should be noted that under-forecasting

(negative bias) has more serious consequences than a positive bias. It is more dangerous,

for example, to prepare for a 40 ms- 1 typhoon that strikes at 70 ms - 1 than to prepare

for a 70 ms - 1 storm that hits at "only" 40 ms- 1.

The distribution function of this set of rapid 24 FT errors is given in Fig. 3.3a. A

total of 468 intensity forecasts are included in this sample, which is nearly equal to a

typical full NWPAC season. The distribution function of a randomly selected full season

(1984) with 473 cases is given in Fig. 3.3b for comparison. The mean absolute error of the

rapid intensifiers is 12.4 ma- 1 at 24 hours, which is about twice as large as the full season

average of 6.6 ms- 1, and significant at the .001 level. Most of the large negative errors

which occur over the course of a season are the result of rapid intensification. Eighty-five

percent of the negative errors in excess of -26 ms - 1 (50 kt) for the 1980-85 sample were

from rapid intensifiers.

3.5 Geographic Distribution of Rapid Intensifiers

Rapid intensification in the NWPAC occurs mainly in the Philippine Sea region west

of the Marianas Islands, east of the Philippines, and south of 25°N. The latitude and

longitude of onset of rapid intensity change is influenced by the location of warm sea
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Figure 3.3: Comparison of the distribution of 24 hour forecast intensity (24 Fl) errors for
a period of rapid intensification (a) versus an equivalent number of intensity forecasts for
the full 1984 NWPAC season (b).
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surface temperatures. Figure 3.4 indicates that a minimum temperature of approximately

28.5*C is necessary for rapid intensification, which is substantially higher than the 26.50

accepted value (Palm6n, 1948) needed for tropical cyclone formation. The relationship

between sea surface temperature and intensity is expressed in Fig. 3.5.

25.
---- - -(a)

20 Rapid Intensifier : - 29.0* C
SSM -ii 0.3" C

5- - --- - -----

10 , -- - -- -.-......

0. ....... ... .
. .. .: . .L -.

0.
28 28.2 28.4 28.6 28.8 29 29.2 29.4 29.6 29.8 30

SST (OC)

20. (b)

.n-Rapid Intensifier Y - 28.7 C
14SSTs a - 0.50 C....... . _.___ ...._ .. . . .. .. . _ _ .. ..

12 -

0

- ------- -

--- ------

2;
Oi~ ~ IT I:-: :::

27 27.5 28 285 29 29.5 30
SST (°C)

Figure 3.4: Frequency distribution of climatological sea surface temperatures at the onset

of rapid (a) and non-rapid (b) intensification. Temperatures are based on the climatolog-

ical parameters of location and time of year and may not reflect actual temperat -e in

each case.

The geographic distribution of rapid intensifiers from 1956 to 1987 is shown in Fig.

3.6. The data points are at the onset of the rapid intensification period, which is the most
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Figure 3.5: Empirical relationship between sea surface temperature and maximum inten-
sity of North Atlantic tropical cyclones. The dashed line represents an empirical upper
bound on intensity as a function of climatological SSTs (Merrill, 1988).

crucial forecast point. What is important about this climatological data is not simply

where rapid intensifiers occur, but where they do not occur. The probability that rapid

intensification will occur in the South China Sea region west of 125*E is less than .01.

Similarly, typhoons north of 22*N or east of 158*E are not likely to rapidly intensify.

Figure 3.6 shows the concentration of rapid intensifiers is within a relatively small area

of the NWPAC forecast region. When seasonal SSTs are considered (Fig. 3.7 a,b), it is

apparent that warm sea surface temperatures are an important factor in the geographic

location of rapid intensifiers. However, most typhoons in the western North Pacific reach

minimal typhoon intensity in the same region of SSTs warmer than 28*C, yet they do

not rapidly intensify. The size of the 28.50 and 29*C SST regions is much larger than the

area where rapid intensifiers develop. Warm SSTs are a necessary, but certainly not the

only, factor that determines whether a given typhoon will rapidly deepen or not. These

climatological facts presented here can be used as a filter to prevent forecasting rapid

intensification at a location where it is not likely to occur.
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GEOGRAPHIC DISTRIBUTION OF RAPID INTENSIFI CATION ONSET

253 0 .......... .............. ...... ... .... ....... ..... ..... ... ...... .. ........... ......................... .........................

, 204 -.. ... .... ..........

" 15. i I....... .. .. .... . . ... ....................... ...... ..............._. . % ,- .
• 9399

10 . ..... .-.... ... .. ,.. .. .......... ...........................

5,

100 110 120 130 140 150 160 170 80
LONGITUDE (GE)

Figure 3.6: Geographic distribution of the location of onset of rapid deepening for all
NWPAC rapid intensification events from 1956 to 1987. Percentages within each ellipse
indicate the relative frequency of rapid intensification events. Seasonal differences are not
specified.
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Figure 3.7: Illustration of the relationship between sea surface temperatures greater than

28.5C and the onset of rapid (dark circles) and non-rapid (open circles) intensity change
for the months of July and August (a), and September and October (b). SSTs are derived

from monthly data compiled by Sadler et al. (1987).; - I I I I P nn nn0
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3.6 Seasonal Distribution of Rapid Intensification

Another important climatological filter useful to predict rapid intensification is

seasonal probability. It is possible that a certain period in the NWPAC tropical cyclone

season is more favorable for rapid intensification. The daily distribution of the number

of rapid intensifiers for the 1956-87 period is given in Fig. 3.8a. Of note is the fact that

no rapid intensifiers have occurred in the months of February, March, or April during the

past 33 years, and only once in early January (Kit, 1972). The "off season" for rapid

intensification is from mid-December to mid-June (Julian dates 355 to 170). A minor

peak is present during the month of May. The arbitrary division of the tropical cyclone

season into the calendar months may hide true seasonal differences. For this reason, 73

overlapping 30 day periods called "julian months" were created (see Fig. 3.9). For each

multiple of 5 julian days, the number of tropical cyclones occurring within ± 15 days

were considered part of a "julian month" identified by the central (15th) julian date. The

"monthly distribution" in this manner for 1956-87 is given in Fig. 3.8b. Most rapid

intensifiers occur in the peak season of day 190 to 290 (Jul 9 to Oct 17). Most typhoons

also occur during this time period (Fig. 3.10), so is the probability that a given typhoon

will rapidly intensify higher during the peak season? Or is it higher in the early season

of May-June or the late season of November-December? To answer these questions, the

rapid intensifier count values for each of the 73 "julian months" were divided by the count

values of the total number of typhoons for the same periods to determine the relative

seasonal probability of rapid intensification. The results are given in Fig. 3.11. The

highest probabilities of rapid intensification occur in the julian months of 205 to 215,

265 to 280, and 310 to 330. Since these "months" are defined to be the julian date ±

15 days, this means the highest probabilities are July 9 to August 18 (190 to 230) and

September T to December 11 (250 to 345). The relative lull in late August is due to a large

number of typhoons that form at latitudes north of 20*N, which is, as discussed earlier.

unfavorable for rapid intensification. Forecasters should be more alert to the possibility of

rapid intensification during these time periods since the probability that a given tropical

cyclone of minimal typhoon intensity will experience rapid intensification is at least I out



26

of 4, while it is substantially less than this during other periods of the mean tropical

cyclone season.

3.7 Geographical/Seasonal Characteristics of Rapid Intensification

The geographical and seasonal factors of rapid intensification can be used together to

predict rapid intensification. The region of rapid intensification shifts slowly northward

from May to September and southward again from October to December, but the longitu-

dinal extent of this region does not vary significantly from month to month. This region

of highest probability can be thought of as a box about 5 degrees of latitude in width

extending from 125*E to 160*E, which moves from 7-12*N in May and December to 15-

20*N in the mid-season of late August and early September. In order to more accurately

define this region of highest probability, the mean latitude of the onset of rapid intensi-

fication for all rapid intensifiers occurring within each julian month was recorded along

with the standard deviation. Figure 3.12 is the chronological sequence of the "monthly

means" bordered by ± one standard deviation. This defines the "danger zone" of rapid

intensification for a given julian date. This figure is useful for predicting whether rapid

intensification is likely to occur, given a certain latitude/longitude position or a particular

date.

3.8 Temporal Distribution of Rapid Intensification

The third climatological parameter of importance to the tropical cyclone forecaster

is the point in time at which rapid intensification begins, and how long the rapid rate of

intensification will last. Figure 3.13a is a frequency distribution of best track intensity

at the beginning of rapid intensification (period 1). The initial intensity is normally

distributed about a mean of 34.4 ma- 1 with a standard deviation of 5.9 ma -'. In the

1956-87 sample of 119 rapid intensifiers, 104 (87.4%) of the cases began their rapid rate

of intensity change at 987 to 962 hP, which is equivalent to maximum sustained surface

winds of 26 to 41 ms - 1 (Atkinson and Holliday, 1977). This range of initial intensities is

significant because it closely approximates the point at which a tropical cyclone develops
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Figure 3.8: Frequency distributions of the onset of rapid intensification by date (a) and
by a 30 day period called a "julian month" (b). Count values are for multiples of 5 days
(pentads). Data consists of 119 rapid intensification events in the NWPAC from 1956 to
1987.
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Figure 3.9: Description of the 30 day overlapping time periods used to determine tropical
cyclone frequencies by julian month. A julian month is a 30 day period centered on, and
identified by, the 15th day.
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Figure 3.10: Frequency distribution of typhoons by julian month. Count values for each
pentad are given by the total number of initial typhoon intensity events occurring within
+ 15 days. Data consists of all NWPAC typhoons from 1956 to 1987.
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Figure 3.11: Relative probability function of rapid intensification by julian month. The
relative probability is defined as the number of rapid intensification events divided by the
number of initial typhoon intensity events for each overlapping julian month. This is a
description of the likelihood, by date, that a particular typhoon would rapidly intensify.



30
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Figure 3.12: Illustration of the latitude region of highest rapid intensification probability.
The mean latitude of rapid intensification onset ± one standard deviation is shown for
the NWPAC season. Data consists of 119 rapid intensification events from 1956 to 1987.
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a central eye which is apparent on radar and satellite imagery (Weatherford and Gray.

1988). Therefore, prediction of a rapid intensification event should be made only after

development to at least 26 ms - 1 or until an eye is apparent on satellite or radar.

The period of rapid intensification typically lasts 24 hours or less. Holliday and

Thompson (1979) stated, "rapidly developing typhoons sustain the bulk of their pressure

fall over short time scales, and durations of fall rates of 1.75 mb hr - ' beyond 24 hours

are relatively uncommon". Thus the tropical cyclone forecaster should anticipate a short

term, rapid change in intensity once the criteria for rapid deepening are identified. After

rapid intensity change, the period 2 intensity is usually 23 to 31 ms - 1 greater than at

period 1, which gives the intensity distribution shown in Fig. 3.13b. The distribution of

the rates of rapid Litensity change are given in Fig. 3.14. Ninety-one (76.5%) of the rapid

intensification rates were within 22 to 32 ms -t per day, with a mean of 28.

The point at which the period of rapid intensification begins is highly variable. Figure

3.15 shows the relationship between period 0 and period 1. Most rapid intensifiers begin

rapid intensification 1 to 3 days after classification as a tropical storm, but the previous

rate of intensification from period 0 to period 1 appears to have no relationship to the rate

of intensification from periods 1 to 2. Thus the important temporal factor is intensity at

period 1, not the number of hours required to develop from a weak tropical storm to a

minimal typhoon. It is important to note that most rapid intensifiers develop steadily from

a tropical storm to a typhoon, and before their rapid intensification period commences, the

rate of intensification is not significantly different from the non-rapid intensifiers. After

period 2, some rapid intensifiers intensify further at a slower rate to a peak intensity at

period 3. Most rapid intensifiers have peak intensities > 64 ms - , with a mean of 67.6

ms- 1 , and a standard deviation of 6.7. On average, period 3 occurs 2 to 4 days after

period 0.

The points of this section can be summarized into an idealized climatological model

of the chronological sequence of rapid intensification that can be utilized if rapid inten-

sification is forecast. This model of the "average rapid intensifier" was presented in Fig.

3.1. During the early stage of development from periods 0 to 1, intensification is at a
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Figure 3.13: Histograms of JTWC best track intensity at the onset (a) and termination
(b) of rapid intensification.
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0) that the onset of rapid intensification (period 1) occurs. Data consists of 60 rapid
intensifiers from 1972 to 1987.
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near-normal rate. Rapid intensification commences once a central eye develops, usually 1

to 2 days after period 0, during which the intensity increases by approximately 28 ms - 1

in only 24 hours. Peak intensity occurs about 2 to 4 days after period 0 at supertyphoon

(> 67 ms - 1 ) intensity.

3.9 Longer Range Intensity Forecasting

,onger range intensity forecasting consists of two primary factors-maximum

intensity and peaking hour, which is how long it takes to reach that peak intensity. To-

gether these two factors yield the intensification rate, which is usually expressed in kt hr- I

or ms - 1 per day. At present, climatology and persistence are the best intensity forecast

techniques for long range forecasts of 48 and 72 hours. A better definition to the clima-

tological aspects of intensity change and a knowledge of intensification rates is considered

essential to forecast long range intensity change and reduce the magnitude of the 48 F1

and 72 FI errors. An objective of this research was to determine, based on initial position,

intensity and forecast track, if accurate long range prediction of intensity change was pos-

sible. To do this, intensification rates for each genesis region (GR) were calculated from

a 16 year sample of 1972-87 NWPAC tropical cyclone seasons. The latitude belts used

to determine GR are shown in Fig. 3.16. The mean values and standard deviations of

maximum intensity, peaking hour and intensification rates for each GR are also given in

Fig. 3.16. Seasonal differences in these values for the NWPAC are shown in Table 3.3.

The monthly distribution of named tropical cyclones for each GR are shown in Table 3.4.

Most tropical cyclones which form in GR1 occur in the "off season" of November to May,

while the majority of the TCs which form north of 15"N occur during the months of July

to October. The South China Sea (SCS) region is active June to November. This infor-

mation has some value in a broad sense because it shows that the most intense typhoons

develop in genesis regions 1 and 2 during the months of July to November, but that the

rate of intensification is only slightly higher than for other genesis regions and times of the

year. However, these means have little significance for each individual long range forecast

unless there can be found to be more definition to the geographic and seasonal differences.
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An interesting aspect is the intensification rates of cyclones which develop significantly

south of the seasonal mean latitude of development.
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3'N S G 'MAX' PK' IR ;Count'
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Figure 3.16: Annual mean values of maximum intensity (MAX), peaking hour (PK), and
intensification rate (IR) for western North Pacific (NWPAC) and South China Sea (SCS)
genesis regions (GR). Genesis regions are determined by 5' latitude belts and stratified
into a western Pacific (single digit) area on the right and a South China Sea (double digit)
area on the left. Count values are number of cases from 1972 to 1987.

Table 3.3: Seasonal mean values and standard deviations (a) of maximum intensity
(MAX), peaking hour (PK), and intensification rate (IR) by genesis region. Description
of genesis regions is given in Fig. 3.16.

GENSIS MONTHS FR (MA a W F (hr) ap i(ms1s{) air COUNTREGION

3 Nov-Jun 29.3 9.9 27.8 15.4 9.6 4.6 8

3 Jul-Oct 44.2 13.2 64.0 32.7 11.1 5.7 54

2 Dec-JM 44.6 10.5 72.1 40.3 10.3 4.8 23

2 Jul-Nov 55.4 15.7 83.3 35.3 11.4 4.3 73

1 Dec-Jun 42.4 15.6 69.4 44.9 9.8 4.8 36

1 Jul-Nov 62.3 16.4 83.7 37.4 13.2 5.2 22- - - -i-
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Table 3.4: Monthly distribution of tropical cyclones during the 1972-87 seasons for western
North Pacific (NWPAC) and South China Sea (SCS) genesis regions (GR). Only a small
percentage of tropical cyclones reach minimal tropical storm intensity equatorward of 10ON
during the months of July to October.

GR JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

5 1 5 14 6 1
N nn4 -3 11 10 15 2

e 3L 1 1 1 1 7 13 18 16 3 2

AA 2H 2 1 1 5 6 16 12 12 22 11 8
C 1ml ... 2 5 7 5 3 3 1 3 4 11 7

44 1 I 3 12 1

S |332 5 9 16 16 7 3
C
S 2 1 9 8 1 8 14 9 7

2 1 5 1

The seasonal means of latitude of initial tropical storm intensity (TS Lat) and latitude

of initial typhoon classification (TY Lat) for the western Pacific region (which excludes the

South China Sea) are given in Fig. 3.17. Tropical cyclones which attain minimal tropical

storm status south of the seasonal mean TS Lat have an average maximum intensity of

52.2 mi -s while those that develop north of the mean have a significantly lower maximum

intensity of 35.3 ms- 1, only two-thirds as intense.

The average maximum intensity of TCs which attain initial typhoon intensity south

of the seasonal mean is 58.8 m.9- and those with a TY Lat poleward of the seasonal norm

reach a mean maximum intensity of only 46.3 m - 1, or only 79% of the mean intensity

equatorward of the seasonal mean . Storms tend to intensify more if they form at lower

latitudes, particularly in the primary season of July through November. This is primarily

due to the fact that such storms spend a longer time in a favorable region of warm SSTs,

low vertical wind shear and open ocean. In fact, a distinctive characteristic of rapid

intensifiers is that they form south of the seasonal means of initial TS Lat and initial TY

Lat.
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Figure 3.17: Seasonal south to north variation of mean latitudes of initial tropical storm
intensity (a) and initial typhoon intensity (b) classification for the western North Pacific.
Tropical cyclones that reach minimal tropical storm or minimal typhoon intensity in the
South China Sea region were not included.
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This relationship is shown in Fig. 3.18. Note that almost all rapid intensifiers had

a TS Lat south of the seasonal norm and that the majority of rapid intensifiers reached

minimal typhoon intensity before they were 10 (111 kin) north of the seasonal mean of

TY Lat. For the months of July to November, tropical cyclones which develop south of

100 have a high probability of attaining extreme intensities. Of 22 TCs which formed

during this period, 16 (73%) had a maximum intensity of 62 ma 1 or greater, and most

of the sixteen cases were rapid intensifiers. This relationship between the climatological

mean latitudes of development and the seasonal latitudes at which rapid intensifiers form

is another useful tool to determine the likelihood of rapid intensification.

To incorporate the facts given above into a scheme that can be easily applied by the

operational forecaster to improve the long range intensity forecast, the latitudes of initial

tropical storm (TS Lat) and typhoon (TY Lat) intensity for every tropical cyclone for

the period 1972-87 were recorded and plotted against its maximum (best track) intensity,

peaking hour and intensification rate from 18 ms- I to maximum intensity. The mean

values and standard deviations to the nearest 10 of latitude were determined to indicate

the relationship between latitude and intensification. Seasonal and regional factors were

considered important, so the preceding data was stratified into "off season" (Dec-Jun),

"primary season" (Jul-Nov) and a South China Sea (SCS) region. For the primary season

in the western Pacific region, a strong correlation between initial TS Lat and TY Lat versus

maximum intensity emerges from the data (Figs. 3.19 and 3.20). Given a particular TS

Lat or TY Lat, the mean (most likely) intensity can be predicted using the regression

equations:

INTmaz = (-1.876)(TS Lat) + 79.129ms - 1  (3.1)

INT, n,= (-1.657)(TY Lat) + 84.448ms -I (3.2)

Since the majority of all NWPAC tropical cyclones occur in the primary season, these

regression equations have wide application for longer range prediction of maximum inten-

sity. Similar relationships of maximum intensity versus TS Lat and TY Lat for the off
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season and the South China Sea do not show as much of a correlation between latitude

and intensity (Table 3.5), presumably due to less favorable environmental and geographic

conditions.

There is also a good correlation between initial TS Lat and mean peaking hour during

the primary season. A mean peaking hour for a given TS Lat can be determined from Fig.

3.19b, but the high degree of variability (as evidenced by the relatively large standard

deviations) means that longer range prediction of the peaking day using only climatology

is likely to be only marginally successful. The mean intensification rates are nearly the

same for all latitudes in the primary season, with most falling in the range of 9.3 to 13.6

ms- 1 per day (0.75 to 1.10 kt hr-'). Therefore, a forecast of 8 to 13 ms - 1 intensity

change per day up to the expected maximum intensity given by Fig. 3.19a is probably the

best initial long range forecast until an intensification rate is more clearly established at

a later time. Once minimal typhoon intensity is reached, the relationship between initial

TY Lat and mean intensification rates has a much higher correlation (Fig. 3.20b).

3.10 Prediction of Intensity Change Using Climatology

Summarizing, it is found that:

1. Rapid intensification is very infrequent in the South China Sea region and poleward

of 22*N. Rapid Intensification is very unlikely to occur in the off season of December

through June.

2. The highest probability of rapid intensification is from mid-July to mid-August and

from September to November. A relative lull occurs during late August and early

September when the monsoon trough is typically too far poleward to allow intensi-

fication in a favorable region of warm SSTs and open ocean.

3. A minimum intensity of 26 ma - 1 (50 kt) is necessary before the onset of rapid

intensification, with most beginning at an initial intensity of 33 ms - 1 (65 kt). Rapid

intensification is not likely to occur after an intensity of 44 ms - 1 (85 kt) is attained.
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Figure 3.20: Correlation of maximum intensity (a) and intensification rate (b) to latitude
of initial classification as a typhoon (TY Lat). Intensification rate is defined from period 0
(initial TS) to period 3 (maximum intensity). The mean peaking hour can be determined

from the mean intensification rate. Variability about the mean is expressed as regression

lines of ± one standard deviation.
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Table 3.5: Mean values and standard deviat;ons of maximum intensity, peaking hour. and

intensification rate for the South China Sea region (a) and the "off season" months of

December to June. Correlations between latitude of initial tropical storm classification

(TS Lat) and intensification parameters were all less than 0.6.

(a) SOUTH CHINA SEA (MAY - DEC)

TS Lat Max Intensity (ms "i ) Peaking Hour (hr) Int Rate (mi d" ) Cout

O N  7m am 7 r

>_ 22 27.8 5.0 27.6 15.1 9.5 3.4 5
21 28.0 15.6 21.6 32.6 8.3 7.0 10
20 29.9 8.1 47.3 50.2 7.5 2.7 8
19 28.1 5.9 31.4 26.1 9.2 5.5 11
18 29.3 7.0 33.7 22.3 8.2 4.4 13
17 37.0 8.4 55.1 25.4 8.8 2.1 11
16 32.2 11.5 36.2 21.9 8.4 5.2 16
15 28.3 6.8 39.3 21.5 6.7 2.5 9
14 37.0 11.7 56.4 52.0 10.4 3.6 14
13 29.7 11.4 34.9 34.0 7.0 4.1 11
12 31.4 10.0 50.0 51.1 8.2 3.1 15
11 33.8 9.5 39.8 22.9 9.7 2.2 8
10 29.2 10.7 44.0 46.6 7.4 2.5 3
9 32.6 3.9 34.0 6.9 10.3 2.1 3
_. 8 32.2 10.6 71.0 48.2 6.3 3.7 6

(b) OFF SEASON (DEC - JUN )

TS Lat Max Intnsity (mis) Peking Hour (hr) Int Rat (mild 1 ) Count

2:16 24.9 4.8 28.0 37.6 8.7 8.1 9
15 38.6 12.9 48.0 12.0 9.6 4.2 3
14 33.5 14.6 39.0 12.7 8.5 6.2 2
13 43.8 6.8 62.0 18.3 10.2 1.7 3
12 35.6 12.8 51.0 31.5 8.7 2.7 6
11 52.3 5.3 93.2 56.4 12.0 7.6 6
10 40.2 14.9 66.8 47.1 7.9 5.9 8
9 29.6 11.6 36.8 42.2 9.0 3.8 4
8 50.5 17.8 81.8 42.6 10.7 5.7 13
7 41.2 11.4 68.6 34.8 8.9 2.9 7
6 39.6 8.8 64.8 27.0 9.3 4.7 5
5 45.5 17.1 106.0 81.9 9.1 5.5 3

-,-- mI
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4. Rapid intensifiers reach minimal tropical storm and minimal typhoon intensities

south of the seasonal mean latitude of TS Lat and not more than 10 (111 kin) north

of the seasonal mean latitude of TY Lat. The latitudinal "danger zone" of highest

probability for onset of rapid intensification varies by the time of year.

5. The number of hours after TS classification is not a factor for prediction of rapid

intensification. The primary factors are initial intensity and geographic position.

6. The period of rapid intensification typically lasts for 24 hours or less, with an in-

tensity change of 23 to 33 ms - 1 (45 to 65 kt) taking place over a 24 hour forecast

period.

7. Maximum intensity is strongly correlated to TS Lat and TY Lat, but rates of in-

tensification from TS classification to maximum intensity do not vary significantly

according to geographic position or season.

3.11 Evaluation of Climatological Intensity Forecasting

In an effort to determine if application of these climatological parameters in an oper-

ational sense would reduce the magnitude of the forecast intensity errors, an experiment

was conducted using a randomly selected sample of 90 tropical cyclones from the NWPAC

for the years 1972 to 1988. Twelve rapid intensifiers were included in this sample, which

roughly approximates the ratio of rapid intensifiers to named tropical cyclones during this

period. A total of three separate data sets were included as part of this verification exper-

iment. In the first two, 33 tropical cyclones from the 1972 to 1987 climatology data set

were selected at random to approximate a typical NWPAC seasonal distribution. These

two tests were based on the data used to develop the relationship between seasonality,

location, latitude and intensification (dependent data). The third test was independent,

based on the best track information published in the 1988 ATCR (JTWC, 1989)-see

Appendix C.

The tropical cyclone experimental cases were selected to simulate a variety of actual

forecast situations: tropical storms, typhoons and supertyphoons, rapid intensifiers and
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slow developers, off season and mid-season storms, South China Sea and western North

Pacific regions. Forecasts were made at two key intensity thresholds: initial tropical

storm and initial typhoon classification (TS Lat and TY Lat). The predicted maximum

intensity and peaking hour were calculated from the regression equations obtained from

Table 3.5, Fig. 3.19 and Fig. 3.20. From the derived values of maximum intensity

and peaking hour an intensity forecast was made for 24, 48, and 72 hours from the TS

Lat and for 24 and 48 hours from the TY Lat. Proximity to land was the only factor

used to alter the climatological forecast. The official JTWC forecast track was consulted

to determine if landfall was forecast, and adjusted according to the expected point of

landfall. Experimental forecast intensity errors, as measured by the best track intensity,

were recorded for comparison with the official JTWC forecast intensity errors.

The results of thi- comparison of forecast intensity errors is presented in Tables 3.6

and 3.7. The most obvious difference between the experimental forecast and the JTWC

intensity forecasts, as indicated by the bias, is the tendency to overestimate future intensity

while the JTWC forecasts at initial TS and TY intensity are more likely to underestimate

the intensity forecast. The mean absolute errors and standard deviations indicate the

magnitude of the errors using this technique based strictly on climatology are smaller

than the JTWC intensity forecasts made with the benefit of synoptic, satellite and aircraft

data. This tends to support the hypothesis that the current state of intensity forecasting

has very little skill if it is unable to improve on forecasts based strictly on climatology.

The mean absolute errors for this technique were higher than JTWC's at 48 hours using

the TS Lat but this was primarily due to the effect of off-season and SCS tropical cyclones

which were shown to have poor correlation between latitude and rates of intensification.

The superiority of this forecast technique for the majority of tropical cyclones which

occur during the months of July to November in the western North Pacific is apparent in

Tables 3.6b and 3.7b. The tendency to slightly overestimate future intensity is negated by

rapid intensifiers, resulting in lower overall forecast intensity errors, which is the primary

objective of this research. The differences between thp mPan xparimerntil and JTWC

forecast errors were significant at the .05 level for primary season 24, 48 and 72 hour
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Table 3.6: Verification statistics for a set of three experiments to test the accuracy of a
climatological forecast technique based on the latitude of initial tropical storm latitude
(TS Lat) versus the official JTWC intensity forecast errors. Experiments 1 and 2 were
based on 1972-87 (dependent) data while experiment 3 was based on 1988 (independent)
data. A total of 90 tropical cyclones were included in this verification experiment. All
errors are expressed in ms - 1 .

24FI ERRORS 48FI ERRORS 72F1 ERRORS

(a) X y CIyI IX1 Cy x
EXPER +1.2 5.2 3.9 +2.8 10.1 8.6 +2.0 12.7 10.4
JTWC -1.1 6.1 4.5 -2.5 10.1 7.6 -4.9 16.4 13.3

EX 1 +0.2 3.8 2.7 +1.9 9.4 7.7 +4.4 11.9 10.2
JT 1 -2.6 5.5 4.3 -5.1 10.9 8.4 -5.7 17.1 13.7

E 2 +2.3 5.5 4.4 +4.8 10.1 9.2 +3.4 13.8 10.6
JT2 +0.4 5.4 4.4 +1.1 9.7 7.4 -1.4 17.4 13.2

E 3 +1.0 6.2 4.6 +0.8 10.9 8.9 -3.4 11.6
JT 3 -1.4 7.3 4.8 -4.7 8.2 6.8 -8.7 14.1 13.1

(b) Cy CFIO XI X ax
EXPER +1.1 5.1 3.7 +2.2 10.3 8.4 +2.5 12.7 10.6
JTWC -0.9 6.7 4.6 -4.3 11.2 8.7 -6.7 18.2 15.5

EXPER -1.7 6.3 4.3 -5.8 12.9 11.4 -2.1 15.0 11.6
JTWC -3.6 8.6 6. 14.1 15.7 -16.9 20.9 234
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Table 3.7: Same as Table 3.6 except based on the latitude of initial typhoon intensity (TY
Lat).

24FI ERRORS 48FI ERRORS

(a) -9 a lI-R X ar l- 1
EXPER +0.3 9.0 6.8 +0.8 12.0 9.4
JTWC -4.8 9.6 8.7 -6.0 13.7 12.1

EX 1 +0.3 8.8 5.7 +4.8 14.1 12.0
JT 1 -5.1 10.4 8.9 -4.1 16.4 13.4m -m -m= m ==

EX2 +2.8 8.5 7.2 -2.2 10.3 7.7
JT2 -2.2 9.7 8.1 -5.7 12.0 10.1

EX 3 -3.6 9.4 7.9 -0.6 10.5 7.9
JT 3 -8.6 7.4 9.4 -8.8 12.6 12.7

- -~ - -i~

(b) X a l x a x

EXPE +0.6 9.7 7.7 +2.3 12.5 9.6
X Jw -6.2 9.7 9.4 -7.6 13.8 12.4

E XPER -6.2 9.8 9.2 -1.1 11.2 8.4
JTWC -13. 7.4 1331- 1
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forecasts using TS Lat and TY Lat. Lower errors are possible at the critical forecast points

of initial TS and TY intensity simply by using the climatological relationship between

maximum intensity, peaking hour, and the TS Lat or TY Lat. This experiment found

that overestimates of future intensity would be more likely, but there is less likelihood

of large underestimates which were more common in the JTWC intensity forecast errors

(Figs. 3.21 to 3.25). In the author's opinion, this would improve the intensity forecasts

at the points of initial tropical storm and typhoon intensity because, in most cases, it is

more serious if the forecast underestimates future intensity.
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Figure 3.24: Distribution of 24 hour intensity errors based on initial TY Lat (a) and the
official JTWC forecasts (b).
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Chapter 4

APPLICATION OF SATELLITE IMAGERY FOR PREDICTION OF

RAPID INTENSIFICATION

4.1 The Dvorak Technique

The author has extensive experience using the Dvorak satellite analysis method (Dvo-

rak, 1984) to estimate tropical cyclone intensity and forecast future intensity. He is keenly

aware of the positive aspects and the liabilities of this technique. The Dvorak method

is the primary means used to estimate cyclone intensity and issue a forecast on future

intensity change. It is considered important that the basic tenets of this technique be

presented in enough detail to support the supposition that it is an ineffective forecast tool

for rapid intensification. This is in spite of its overall merit for current intensity estimates

and prediction of non-rapid intensification (Shewchuk and Wier, 1980).

The fundamental basis for the Dvorak technique is climatology (Dvorak, 1972). Hun-

dreds of Atlantic basin satellite pictures of hurricanes and tropical storms were analyzed

to distinguish common cloud patterns for a given intensity range. Each intensity range

was given a "tropical number", or "T number". The distinguishing characteristics of each

T-number category were found to be the amount of curvature or wrapping of the feeder

bands, the size and shape of a "central dense overcast" (CDO) and the spatial definition

of a central eye, if present. For a given satellite image, a "Data T-number" was assigned,

based on the observed cloud features. In a later revision of his technique (Dvorak, 1984),

this data T-number was based on enhanced infrared (EIR) temperatures of the eye and

the surrounding ring of deep convection. The data T-number is a very important piece

of information because it gives a "snapshot" view of the convective processes occurring at

that point in time.
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Except for the EIR technique when an eye is present, the Dvorak technique is a

subjective estimate by a satellite analyst of current intensity. It is possible to have a wide

range of T-numbers for the same satellite image, due to the perception and experience

level of the individual analyst (Martin, 1988). Generally, experience using the Dvorak

technique is the primary factor which determines the accuracy of a satellite estimate.

However, when an eye is present on EIR or digital IR data, determination of the data

T-number is a simple, objective process of pairing an eye temperature to a "surrounding

temperature" at a radius of 111 km and obtaining a number from Dvorak's look-up tables.

The next step once a data T-number is obtained is the end product, which is called

the "Final T-number". Except in unusual cases, the data T-number is exactly the same as

the final T-number. It is these "unusual cases" that typically signal rapid intensification

is about to occur. Another fundamental premise of the Dvorak model is that tropical

cyclones intensify at a rate of 1.0 T numbers per day (see Fig. 4.1). Large deviations

from this intensification rate of one T number per day are not permitted by the rules of

the Dvorak model. In the western Pacific, it is not uncommon to see the data T-number

change by 2.0 or more in 24 hours, especially for rapid intensifiers. The most interesting

aspect of these large data T-number deviations is that they tend to occur several hours

before the onset of rapid intensification. This tends to agree with the conclusions of

several researchers (Gentry et aL., 1980; Zehr, 1988) that a lag exists between convection

and intensity change.

The final step in the Dvorak m.-el is the forecast intensity (FI), which is based on

the past trend of intensification and is, in most cases, an extrapolation forward of the past

trend for the next 24 hours. This extrapolation is tied to the model rate of 1.0 T-numbers

per day. Even if the satellite data indicates an accelerated rate of intensification, the

maximum F1 allowed is a 24 hour change of 1.5. The reason for this is that most TCs do not

develop rapidly, and such constraints prevent large forecast intensity errors. An objective

of this research is to determine if the inherent intensity information contained in the data

T-number can be utilized to predict rapid intensification and reduce the magnitude of

large 24 F1 errors.
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Dvorak Model of Intensity Change

TS 88
T7 !!____72

T6. 59 E
T5 46

T4 " 33 --

T3 -- 23

T2 15

TI : 13
Ti -----•1

TO , -
0 2 3 4

Time (days)

Figure 4.1: Dvorak's model of development by one T-number per day. Maximum intensity
is expected about 5 days after initial T1.0 classification. Dashed line indicates intensity
changes as observed by satellite after maximum intensity. Solid line indicates actual
intensity change (Dvorak, 1984).

4.2 Comparison of Dvorak Data T-number to Aircraft Intensity Measure-
ments

Comparisons of the accuracy of the Dvorak intensity estimate to NWPAC aircraft

measurements of intensity (MSLP and/or 700 hP. height) were conducted by Dvorak

(1984) and Martin (1988). Shewchuk and Wier (1980) presented a similar study with

errors based on the JTWC best track.

Their research concluded that, on average, the final T-number estimates of current

intensity using the Dvorak method closely approximate the intensities from aircraft in

situ measurements, especially since the T-numbers are reported in multiples of 0.5 (Table

4.1) and represent a range of intensities on the order of ± 4 ms - 1 . Only a small bias

was indicated in the data. As noted earlier, the final T-number is not necessarily the

same as the data T-number. To determine if there is any predictive signal in the data T-

number, enhanced IR (11.5 pm) satellite imagery in the data set were analyzed to obtain

an objective data T-number for each image where an eye was present. These data and

the corresponding aircraft intensity data were plotted as equivalent maximum sustained
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winds using the Atkinson-Holliday (1977) wind/pressure relationship and the NWPAC

Dvorak T-number to wind conversion (see Table 4.1), with time as the other axis.

Table 4.1: Empirical relationship between Dvorak T-number current intensity, maximum
mean wind speed, and minimum sea level pressure for the western North Pacific (Dvorak,

1984).

Current Max Winds Central Pressure
Intensity (Ms "-) ( hPa)

T1.0 13 1005
T1.5 13 1003
T2.0 15 1000
T2.5 18 997
T3.0 23 991
T3.5 28 984
T4.0 33 976
T4.5 40 966
T5.0 46 954
T5.5 53 941
T6.0 59 927
T6.5 65 914
T7.0 72 898
T7.5 80 879
T8.0 88 858

A list of the tropical cyclones studied in this manner and the time periods included

is given in Appendix D. Comparisons of satellite data T-numbers with aircraft measured

intensities are given in Figs. 4.2 to 4.4.

A characteristic feature of the rapid intensifiers in Fig. 4.2 is the rapid change of

data T-numbers which precedes the rapid drop in surface pressure. Also note that the

aircraft measured intensity changes tend to mirror those observed by satellite, and that a

lag on the order of 6 to 18 hours exists between the two. For these rapid intensifiers, large

differences between the two measurements of intensity at any point during the period of

rapid intensity change are possible. Differences of 10 to 15 ms - I are not unusual. The

non-rapid intensifiers shown in Fig. 4.3 also seem to indicate that smaller intensity changes

are detected on satellite first before they are measured by aircraft. Based on this data. it
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Figure 4.2: Representation of time versus intensity differences for rapidly intensifying
tropical cyclones. Satellite (SAT) intensity is based on Dvorak data T-number estimates.
Aircraft (AC) intensity is based on aircraft measurements of MSLP or 700 hPa height.
Intermediate values have been interpolated.
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Figure 4.3: Same as Fig. 4.2 except for non-rapid intensification cases.
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Figure 4.4: Time versus intensity differences for tropical cyclones that did not have a time-
lag between satellte observed intensity estimates and the aircraft measured NISLP or 700
hP. height.
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is considered possible to predict, on a short term basis, rapid intensification if such a 6 to

12 hour time lag exists between the Dvorak data T-number and actual intensity change

in nearly all cases of rapid intensity change.

Most, but not all rapid intensifiers exhibit a time lag between the satellite data T-

number and surface pressure change (see Fig. 4.4). There were also some cases (usually

in the off season months of December and January) where the satellite data T-number

indicated rapid intensification was occurring but it was not verified by the aircraft ob-

servations. The magnitude of the time lag between convection (as measured by the data

T-number) and intensity change has large variability. Therefore, any prediction scheme

which attempts to use the short-term trne lag to predict future intensity change would

not be 100 percent successful. The key question is whether large forecast intensity errors

could be reduced in most cases even if it is not possible for all cases. At the least, this

technique which attempts to predict rapid intensification should aid the decision process

used by the operational forecaster.

In order to classify the magnitude of the time lag between the satellite intensity and

the actual intensity for rapid intensifiers, the intensity and time differences were recorded

for all rapid intensifiers in the satellite data set for the time period of 12 hours before period

1 until 12 hours after period 2. In addition, intensity and time differences for periods of

non-rapid intensification were noted (Fig. 4.5). The objective was to determine if, during

the period of rapid intensification, there are significant differences from periods of non-

rapid intensification that can be used to predict rapid intensification when such differences

are identified. Table 4.2 lists these intensity/time differences relative to the peaking hour

(period 3), and stratified by rapid intensification and non-rapid intensification periods. On

average, the rapid intensification period is typified by data T-number equivalent intensities

which are 6.1 ms - ' (11.8 kt) higher than the actual intensity measured by aircraft within

one hour of the satellite observation. The mean time lag when these higher satellite

intensities are matched by aircraft observations is 6.3 hours later. In contrast, non-rapid

intensification is characterized by a difference between the two measurement platforms of

only 0.6 ms - 1 with a time lag of 1.9 hours (Fig. 4.6).
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Figure 4.5: Illustration of the method used to determine intensity and time lag differences
of the satellite data T-number intensity estimate and the actual intensity as measured by
aircraft. Intermediate values were extrapolated when intensity measurements were not
coincident.

Table 4.2: Description of the intensity and apparent time lag differences between satellite
and aircraft intensity measurements. Time 0 is relative to the minimum central pressure
measured by aircraft. A list of the tropical cyclones analyzed to obtain these mean values
is given in Appendix D.

TIME SAT R/C AINT at TIME SAT A/C AINT At
(a)_(hr) (m- (mO (mi) (hr) (b) (hr) (mi - ) (mi) (mi) (hr)

-36 32.4 32.5 -0.1 0 -36 36.3 31.6 4.7 9
-33 33.6 33.7 -0.1 0 -33 38.1 33.8 4.3 9

N -30 35.3 35.0 0.3 3 -30 40.3 35.4 4.9 9
0 -27 36.0 35.4 0.6 2 -27 42.0 36.5 5.5 8
N -24 36.9 36.6 0.3 1 -24 44.5 37.9 6.6 7

R -21 38.3 37.9 0.4 2 R -21 47.4 40.6 6.8 6A -18 39.4 38.8 0.6 1 A -18 50.4 43.9 6.5 6
p -15 41.1 40.2 0.9 3 P -15 54.2 47.3 6.9 6
1 -12 42.9 41.3 1.6 4 1 -12 57.5 50.7 6.8 6
D -9 43.6 42.4 1.2 3 D -9 61.3 54.2 7.1 6

-6 44.6 43.6 1.0 2 1 -6 63.8 57.1 6.7 5
1 -3 45.8 45.4 0.4 1 N -3 66.4 61.1 5.3
N 0 45.5 46.8 -1.3 1 T 0 67.2 64.6 2.6 *

T +3 43.3 43.9 -0.6 1 +3 65.1 64.0 1.1 -
+6 41.4 42.4 -1.0 2 +6 61.9 62.6 -0.7 2
+9 38.4 40.0 -1.6 3 +9 59.0 61.4 -2.4 6

+12 35.8 37.7 -1.9 3 +12 55.8 60.2 -4.4 1 7
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4.3 Prediction of Rapid Intensification From the Dvorak Data T-numbers

If we assume that a time lag exists between large increases in convection and

subsequent drops in surface pressure (Steranka et aL, 1986), then the facts presented in the

previous section can be utilized for short-term prediction of intensity change if the period

of rapid intensification can be readily identified. If rapid intensification is suspected, then

the actual intensity (final T-number) should be lower than the indicated data T-number

intensity, and the data T-number intensity is then the predicted intensity value 6 to 12

hours later. An example of how the Data T-number intensity can be used to predict rapid

intensification is summarized in Fig. 4.7.

T7.5- OBSERVED FORECAST

T7.0-- SA

T6.5 72 -1

T6.0 -
59=-l

" T5.50-

T4.5--
PREVIO10

T4.0 - -3nA -
Tss- II I

T3.5t REIOU

t=O t=12 t=24 t-36 Time (hr)

Figure 4.7: An example of a short term forecast technique used to reduce large intensity
forecast errors. The apparent overestimate of intensity by the Dvorak data T-number
during a period of rapid intensification is utilized to predict future intensity since a time
lag of approximately 12 hours is assumed to exist between satellite estimates and actual
intensity change.

hi this example, the final T-number 24 hours ago was T4.0, which corresponds 'o

an equivalent intensity of 33 mg - '. The current data T-number, using the EIR Dvorak
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method of comparing eye temperature to inner radii cloud top temperature, is TT.0 (72

ms-1 ). This represents an apparent intensity change of 39 ms - 1 over the past 24 hours.

The actual intensity that an aircraft would measure at the same time would probably be

about 13 ms - lower than this (59 ms-'), or an equivalent Dvorak Final T-number of

T6.0. Note that this would be a change of 2.0 T numbers in 24 hours, the maximum current

intensity (CI) change allowed by the Dvorak model. However, given the assumption that

during rapid intensification the Data T-number change precedes the measured intensity

change by about 10 hours, the current Data T-number value of T7.0 is used to predict

an intensity of 72 ms - ' 12 hours later. Since this would be a change of 13 m. - 1 in only

12 hours, this would mean further rapid intensification is forecast for at least another 12

hours. This technique could then be extrapolated to predict a 24 hour intensity change.

depending on other factors such as proximity to land masses, etc. In this example, the

operational forecaster has not only indicated that the intensity has changed 26 ms- I (.50

kt) during the past 24 hours, but that further rapid intensification of 13 ms - I (25 kt) is

expected in the next 12 hours.

As noted earlier, this method to predict rapid rates of intensification relies upon

timely identification that rapid change is actually occurring. This is possible if Dvorak

data T-numbers are calculated more frequently than once or twice a day, as is commonly

practiced at the present time. If hourly (or even half-hourly) digital infrared satellite data

is available, it is relatively simple to affix a data T-number to each image if an eye is

present, and keep a running record of hourly changes in the data T-number. If the data

T-number changes by T1.0 in six hours or Tl.5 in twelve hours, this is usually sufficient

to identify the onset of a rapid intensification period. A major deficiency of this method is

that it does not identify rapid intensification until it is well underway, since the observed

time lag is only 6 to 9 hours. The Dvorak data T-numbers are, however, a strong signal

that an unusual rate of intensity change is taking place.

4.4 Experimental Results of a Data T-number Prediction Method

A prediction experiment based on the apparent lag time between the satellite data

T-number and aircraft measured intensities was supervised by the author in a quasi-
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operational mode during the Modified Operations Evaluation Experiment (OPEVAL)

conducted by joint efforts of the US Air Force Air Weather Service and the US Navy

Oceanographic Command from June to August 1987 (JTWC, 1987). The objective of

this trial was to develop new, useful techniques that could be used by satellite analysts at

Detachment 1, First Weather Wing and forecasters at the JTWC to improve prediction of

intensity change without benefit of aircraft while aerial reconnaissance was still available

in the NWPAC for verification purposes.

In this experiment, data T-numbers were determined approximately once every six

hours for all tropical cyclones which occurred during the OPEVAL period. If rapid changes

(> 1.0 in six hours or > 1.5 in 12 hours) in the data T-number were noted, the data T-

number was not considered the same as the final T-number and a lower intensity estimate

was recorded for later verification. The data T-number was then used to predict what

minimum sea level pressure the aircraft would measure 12 hours later. Sufficient verifica-

tion data was available for five tropical cyclones, four of which had a visible eye; Typhoon

Sperry, Supertyphoon Thelma, Typhoon Vernon, Supertyphoon Wynne and Supertyphoon

Betty. Only Vernon and Sperry did not experience a period of rapid intensification, hence

it was extremely fortunate that this experiment could be attempted on three different

rapid intensifiers. Results of this experiment are summarized in Table 4.3.

Current intensity estimates were reasonably accurate; the mean error was 4.2 hP with

a bias of +2.4 hP.. The maximum error was +20 hPQ. Twelve hour intensity forecast

errors had a mean of 6.1, a bias of +1.4, with a max error of 20 hP. A mean error of

6 hP in 12 hours is about average. However, since 4 of the 14 verified forecasts were

rapid intensification events (identified by an asterisk in Table 4.3), then it would appear

this short range forecast was much better than average. All satellite rapid intensification

forecasts were verified by a rapid drop in surface pressure of at least 20 hP in 12 hours.

The errors forecasting rapid intensity change 12 hours later were 2, -2, 5 and 13 lP. This

is considerably less than a climatological AP forecast of -7 hP in 12 hours (Weatherford

and Gray, 1988), which would yield errors of 18, 13, 23 and 18 hP, respectively. These

limited results are encouraging but not convincing. It does appear possible, in some cases,
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Table 4.3: Experimental verification statistics for a short term forecast method using the
Dvorak data T-numbers such as in Fig. 4.7. This experiment was conducted during the
Modified Operations Evaluation (OPEVAL) on Guam in 1987. CI and F1 denote current
and forecast intensity, respectively. All rapid intensification events, whether observed or
forecast, are indicated by an asterisk.

SATELLITE AIRCRAFT CI SATELLITE AIRCRAFT F1
CYCLONE OATE/TIME CI ESTIMATE CI MEASURED ERROR 12HR FCST 12HR OBS ERROR

NAME GMT (hPa) (hPa) (hPa) (hPa) (hPa) (hwo)

SPERRY 062700 996 1001 -5 994 991 +3
062800 983 985 -2 974 994 -20

THELMA 070700 1004 1003 +1 997 none n/a
070800 1000 1002 -2 994 none n/a
071012 958 954 +4 940 936 +4
071100 935* 936 -I 913* 911" +2*
071200 920 920 0 939 937 +2

VERNON 071700 998 999 -1 991 997 -6
071800 997 997 0 997 994 +3
071900 996 988 +8 992 987 +5
072000 984 984 0 985 990 -5

WYNNE 072400 990 987 +3 965* 967* -2'
072500 9440 931" +13" 939 926 '13
072600 942 922 20 950 none n/a

BETTY 080900 1000 1000 0 995 993 +2
081000 984 985 -1 960* 955* *50
081100 927* 917 '10' 905* 892* '13"
081200 905 909 -4 905 none n/a
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to predict short-term rapid intensity change if satellite observations indicate a rapid rate

of change in the Dvorak data T-number.

4.5 Theory of Rapid Intensification as Observed By Satellite

During periods of rapid intensity change, satellite pictures of rapid intensifiers are

strikingly different from those of non-rapid intensifiers. The two distinctive features ob-

served by satellite are a concentration of the deep convection near the center and a small,

symmetric eye. There are two primary patterns which are repeated in nearly all satellite-

observed cases of rapid intensification. Either the eye becomes more symmetrical and

decreases in size (Fig. 4.8) or there is a concentration of deep convection near tie cyclone

center (Fig. 4.9). In many rapid intensifiers, these two processes occur at the same time.

Clearly, there must be an explanation why such a concentration of deep convection and/or

shrinking of the eye happens.

From the gradient wind equation in cylindrical coordinates (Eq. 4.1), the velocity V

is a function of the pressure gradient force and the radius of maximum winds, r

V 2  
_ 8p- + f V =- (4.1)

r p Or

For tropical cyclones a nearly cyclostrophic balance exists (Eq. 4.2). During rapid intensi-

fication, as the pressure gradient force at a given radius increases, the radius of maximum

winds decrease or there is an increase in tangential wind velocity.

V 2  I1Op- = - F (4.2)
r p Or

The most efficient way to create large pressure gradients is to lower the pressure

hydrostatically by concentrating the latent heat release from convection into a small area

(Hack and Schubert, 1986). This is accomplished by a relative concentration of the deep

convection to as close to the center as possible. In this scenario, the pressure gradient is

steepest close to the eye wall, and the radial pressure gradient away from the center is

relatively weak when compared to a more typical profile of pressure (Fig. 4.10). In the

typical case of non-rapid intensification, there is a lack of deep convection concentration



69
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Figure 4.8: Enhanced Infrared (EIR) satellite imagery of Supertyphoon Thelma near the
onset of rapid intensification at 09Z GMT on 10 July 1987 (a) and near the termination
of rapid intensity change at 12Z GMT on 11 July (b). During rapid intensification there
was a substantial decrease in eye size from 35 to 10 km. Enhancement is the MB curve
(NOAA User's Guide) developed by Dvorak (1984).
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Figure 4.9: Infrared (IR) satellite imagery of Supertyphoon Betty (1987) at the onset
(a) and termination (b) of rapid intensification at 03Z GMT on 10 and 11 August. A
concentration of the deep cumulus convection at the inner core of Betty was evident
during rapid intensity change.
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(convection is spread out to a broader radius). A second way to cause large tangential

wind increase and lower the surface pressure is to have a contraction of the eye. Note

in Eq. 4.2 that if r is reduced to half of its original value, the pressure gradient force

(neglecting friction) must double for the same velocity V. During rapid intensification,

eyewall contraction and wind increase occur simultaneously. This results in larger values

of V and a smaller radius of maximum wind. Weatherford and Gray (1988) stated that

the most "intense" typhoons (as defined by MSLP) are not necessarily the "strongest"

ones (based on outer winds). Thus the rapid intensifiers can be considered to be cyclones

with extremely intense inner core regions and relatively weak outer wind distributions.

Weatherford also found that these intense typhoons had large increases in outer winds

afte the end of a rapid intensification event at the inner core.

120

Supertyphoon WYNNE 8 oct'8o
.- Intensity @ 895 ft

V
-60"e

'JUNE):*

O60 120180 240

Radius (n. mi)-

Figure 4.10: Two examples of tangential wind profiles after rapid intensification (Wynne)
and after non-rapid intensification (June). Note that the outer winds are the same but
the inner core winds are very different (Weatherford and Gray, 1988).
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4.8 Relationship of Eye Size to Rapid Intensification

As noted in the previous section, one characteristic of rapid intensifiers is a small,

symmetric eye. Weatherford and Gray (1988) examined aircraft reconnaissajnce missions

and concluded that rapid deepeners tend to form an eye at a higher (985 hP,) MSLP and

to have eyes that are smaller than average. They stated that the onset of rapid deepening

coincided closely with eye formation and that during rapid intensification the mean eye

size was reduced by a factor of 2.0. Mean typhoon eye sizes were tabulated by Bell (1975).

His results are shown in Fig. 4.11. Holliday and Thompson (1979) compared the eye

sizes of rapid intensifiers at the onset of rapid deepening and 12 to 24 hours later. They

found that rapid intensifiers developed smaller than average eyes. Mean eye size for rapid

intensifiers decreased substantially during the rapid intensification period (Fig. 4.12). The

mean radius of maximum wind 24 hours after rapid intensification was only 13 km (, 7 n

mi), an extremely small mean value. Note that there were no instances of eye size larger

than Bell's mean -ye diameter of 51.4 km (27.8 n mi) at 24 hours after the onset of rapid

deepening. It *s observed that rapid intensifiers either have small eyes at period 1 or that

the eye diameter contracts during rapid intensification.

An estimate of the relative importance of contraction of eye size to rapid intensity

change can be determined from the mean data presented in this and other research. At

the onset of rapid deepening, the mean intensity is 33.5 ms - and the average eye radius

is 20.4 km (Holiday and Thompson, 1979). Using regression curves which relate intensity

and eye size (Weatherford and Gray, 1988), the mean OCS is initially 16.1 ms - . Twenty-

four hours later, the mean values for intensity, eye radius and OCS are 64.3 ms - ', 12.8

kin, and 22.3 mas- , respectively. Mean values at onset of rapid intensification and 24

hours later are depicted in Fig. 4.13.

If we assume that the relationship between velocity and radius (Riehl, 1963) is given

by:

= constant (4.3)
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Figure 4.11: Relative frequency distribution of eye diameter for western North Pacific
typhoons. Data consists of 2013 cases studied by Bell (1975).

with x - 0.5 is valid, then the constant value is 151.3 for the mean values of intensity and

eye radius at the onset of rapid deepening. The expected value of Vmax 24 hours later for

x = 0.5 if r decreases to 12.8 km is 42.3 ms - . Thus, after rapid intensification, Eq. 4.3 is

no longer valid for x = 0.5. Instead, the value of x is given by 0.34 if the constant is 131.3.

If we consider the exponent x = 0.5 to be an accurate mean value (Shea and Gray, 1973),

then the amount of tangential wind increase due strictly to the contraction of eye radius

from 20.4 to 12.8 km is 8.8 ma - ', or 22% of the total velocity increase from 33.5 to 64.3

ms -1 (Fig. 4.14a). If x = 0.5 at the end of the rapid intensification period, then x = 0.64

initially. In this case, 37% of the tangential wind increase is due to eye contraction (Fig.

4.14b). It would appear from the mean data that approximately one-fourth to one-third of

the increase in wind speed during rapid intensification can be accounted for by reductions

in mean eye size. The remaining 65 to 75% of the increase in wind speed for the mean

rapid intensification case is due to wind spin up at all radii due to momentum impo:ted

to the core by concentrating the deep convection closer to the cyclone center.
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Figure 4.13: Mean tangential wind profiles of rapid intensifiers compiled from mean data at

onset of rapid intensification and 24 hours after onset. Maximum intensities were derived

from Fig. 3.13. Eye size was obtained from Fig. 4.10. Outer core winds were calculated

from regression equations developed by Weatherford and Gray (1988) which correlated

eye size and MSLP to outer wind strength.
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Figure 4.14: illustration of the relative importance of the reduction of eye size during
rapid intensification. The relationship V7

0 5 = constant is assumed to approximate the
actual tangential wind profile at either the onset of rapid intensity change (a), or at the
termination of rapid deepening 24 hours later (b). One-fourth to one-third of the intensity
increase is estimated to be due strictly from eye size contraction.
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Measurement of eye size, particularly the changes of eye diameter, is an important

aspect of tropical cyclone reconnaissance. In the NWPAC, measurement of eye size from

aircraft radars is no longer possible. From the satellite perspective, eye size can often be

estimated relatively well, but is not routinely measured or recorded by satellite analysts.

A comparison of recorded eye diameters from US Air Force satellite analysts to aircraft

measured eye size within ± 3 hr was made by Zehr (1990). He found the diameters were

generally a good approximation in most cases, but some large differences are possible (Fig.

4.15). In a relative sense, the satellite is able to detect if the eye size is of a normal size.

larger or smaller than average even if the actual value is suspect. If an eye is present, rapid

intensification is more likely to occur if the satellite detects an eye smaller than normal or

if the eye size is contracting from a normal size to a small size.

The best way to determine if contraction is actually occurring (without aircraft) is

to develop a standardized method to measure eye diameter from satellite and record eye

size on each observation if an eye is present. At present, no such standard exists, and the

frequency of satellite measurements is irregular. Large variations in satellite measurerneat

of eye size can occur for no other reason than individual differences between satellite

analysts.

A lack of hourly high resolution IR data and the scarcity of satellite reports of eye

diameter made further study of the practicality of such a standardized method impossible.

The author believes satellite measurements of eye diameter could be effectively used to

predict intensity change. Rapid intensifiers tend to have small eyes and that typhoons with

eye diameters > 65 km (35 n mi) will not intensify rapidly unless the eye substantially

reduces in size. Increasing eye size is not characteristic of rapid intensifiers (Weatherford,

1989), although some rapid intensification events do occur without a significant decrease

in eye size.

4.7 Relationship of Inner/Outer Convection Ratio to Rapid Intensification

In section 4.6, the importance of a concentration of the deep convection near the

cyclone center was discussed. A way to measure the degree of concentration is to set up
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Figure 4.15: Histogram of satellite eye measurement accuracy as compared to aircraft
measurements within ± 3 hours (a) and correlation between measurements of eye diameter
by satellte analysis and by aerial reconnaissance radar (b). Data was obtained from fix
data published in the JTWC Annual Tropical Cyclone Reports from 1983 to 1986 (Zehr.
1990).
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a cylindrical grid, centered on the cyclone center, and count the number of pixels colder

than a given threshold value for radial bands measured from the center point. The pixel

counts for inner radial bands are then divided by the pixel counts of outer radial bands

to derive a ratio of inner/outer convection (I/O ratio). High values of I/O ratio are thus

indicative of concentrated deep convection. To determine if high values of I/O ratio are

also predictors of rapid intensification, the temperature thresholds and radial bands listed

in Table 4.4 were used to derive a variety of I/O ratios for a sample of digital IR GMS

imagery which included both rapid intensifiers and non-rapid intensifiers from 1983 to

1985. Based on the results from several typhoons in the sample, the pixel count < -75*C

for 0-20 radius was selected as the "inner" value and the number of pixels < -65'C at 2-6*

was chosen as the "outer" value because these appeared to have the highest correlation

between I/O ratio and the onset of rapid intensification. Due to large diurnal variations

in the amount of deep convection (Zehr, 1988) it was necessary to smooth the raw data by

using a 24 hour running mean. Examination of the 24 hour running means of convection

colder than -75*C in the inner radius and -65*C in the outer radius showed a very good

relationship with the onset of rapid intensity change. This lead to the development of a

method to accurately predict rapid versus non-rapid intensity change based on the relative

amounts of inner to outer deep convection.

4.8 An Intersection Technique to Predict Rapid Intensity Change

As noted in Chapter 1, the intersection technique developed by Dunnavan (1981) to

predict intensity change based on the MSLP trace and the 700 hP equivalent potential

temperature is no longer used in the NWPAC. Research involving the I/O ratios of 1983-5

rapid and non-rapid intensifiers revealed a strong, and somewhat surprising, correlaticn

between the amount of inner (0-2*) convection with cloud top temperatures < -75°C and

the number of outer (2-6*) pixels < -65*C. This research indicated that when these pixel

counts are slightly modified in scale, an intersection of the "centered" 24 hour running

means of inner and outer convection pixel counts was an excellent predictor of the onset

-if r.Apid ii tensification (Fig. 4.16). Note that the intersection occurs 12 hours prior to



80

Table 4.4: Depiction of the temperature thresholds and radial bands used to determine
ratios of inner to outer deep convection. Paired inner to outer radial bands were 0-1 vs.
2-4, 0-1 vs. 2-6, 0-1 vs. 0-4, 0-2 vs. 2-4, 0-2 vs. 2-6, 0-2 vs. 0-6, 1-2 vs. 2-4, 1-2 vs.
2-6, and 0-4 vs. 4-8. A total of 16 temperature threshold combinations were examined for
each pair of inner and outer radial banda. The circled temperature thresholds and radial
bands yield the best intensity prediction signal for the NWPAC.

TEMPERATURE INNER CONVECTION TEMPERATURE OUTER CONVECTION
THRESHOLDS RADIAL BANDS THRESHOLDS RADIAL BANDS

-80*C 0 1 -700C 2- 4*

-70*C I - -600C 0 "4

-65*C 0 - -500C 0 60

4-80

the onset of rapid intensity change when the 24 hour running means are centered on the

midpoint of the 24 hour period. In an operational sense, it is only possible to determine

a 24 hour running mean from previous satellite data, thus there would be little or no

leadtime from the point the two running mean plots intersect and the onset of rapid

intensity change. However, the raw data shoildd indicate a concentration of inner to outer

convection at least 6 to 12 hours before the onset of rapid intensification. There was only

one instance (Clara, 1984) of a non-rapid intensifier which had an intersection between

the inner and outer pixel counts, once "climatological filtering" was done to eliminate

cyclones whose geographic location and the time of year indicated they were not likely to

rapidly intensify. Almost all of the non-rapid intensifiers did not have an intersection of

the inner/outer pixel count plots, some examples of which are shown in Fig. 4.17.

The climatological filters used were: 1) Time of year. Storms occurring from Dec 15

to May 10 were eliminated in this manner. 2) Latitude. All cyclones poleward of 22*N and

those occurring 20 (222 kin) or more north of the mean latitude of initial typhoon intensity

classification were not expected to rapidly intensify, even if an intersection occurred. 3)

Intensity. Tropical cyclones with maximum sustained winds of 23 ms - 1 (45 kt) or less

and those with maximum winds > 51 ma - 1 (100 kt) were not deemed likely to rapidly



(a) 5C

1568 Super Tqgphoea Bill I1I/ 12 to 17/12 Nov 1984 4500

1416 .4000

S1264 30

U1112 ONSET TERNvMATION' 3000.
( 963 ILP&) (91k )20U 960' s)20

808o 2000

S656 1500

CL 504 1000*

00

0500

0 123 4 5IV

1568 T!Jpho.. Doyle 2100 to 8/12 Doe 1984 40

1416 .4000

126 ONSET TERIMATION 30

31112 (991 kpa) (935 16P&) 3000

U960 2500

809 02000

X 6561500
0 0.

L 54 01000*

2500

(loll) (Ioo) (10oo) (9 d,) (9) 973) (940) (IPA)

T im.
(Inttesity )

Figure 4.16: a to f. Relative concentrations of inner (0 to 222 kin) and outer (223 to 666
kmn) deep convection versus time and intensity for six rapid intensification events from
1983 to 1085. Twenty-four hour running means of pixel counts colder thag -75'C ana
-65*C are denoted by I (inner) and 0 (outer), respectively. Running means are plotted in
the standard manner, relative to the midpoint (at 12 hours). The relative concentrations
intersect about 12 hours prior to the onset of rapid intensity change.
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Figure 4.16: Continued.
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Figure 4.16: Continued.
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Figure 4.17: a to d: Same as Fig. 4.16 except for four non-rapid intensification events.
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Figure 4.17: Continued.
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intensify at that time. 4) Location. Storms in the South China Sea and in close proximity

to large land masses were not expected to rapidly deepen. These climatological filters are

based on the probabilities of the occurrence of rapid intensifiers expressed in Chapter :3.

A total of 9 storms which had an intersection of the inner and outer convection plots were

not included based on one or more negative climatological parameters listed above (Fig.

4.16).

This intersection technique for 10 km resolution GMS data is expressed visually as

the 24 hour running means of the number of pixels colder than -750 C (full scale of 0 to

1520 pixels within 222 km of center), with a correction of -200 (200 inner radius pixels

equal zero) and the number of pixels colder than -65'C on a modified scale of 0 to .5000

pixels (out of a total number of 12165 pixels within 222 to 666 km from the center).

Mathematically, this is expressed as

(3.29)(P - 200)
P0

where Pi is the inner pixel count < -75° and Po is the outer pixel count < -65'.

When x > 1.0, this identifies an intersection of the relative amounts of convection.

This is then used as a predictive signal to the operational forecaster that the concentration

of deep convection near the cyclone center is sufficient to allow the central pressure to drop

rapidly. Once this intersection occurs, as long as dx/dt is positive (i.e. the inner convection

concentration is increasing), then the typhoon will continue to rapidly deepen. Once the

24 hour running mean plots begin to converge (dx/dt < 0), this means that the outer

convection is increasing relative to the inner convection, the cyclone will not continue to

intensify further. This is a predictive signal that the leveling off of the intensification

process has started. This should also indicate Weatherford's "Phase 2", the point at

which intensifiers begin to expand their outer radius winds, also known as its "strength"

(Weatherford and Gray, 1988). Figure 4.19 is a diagram of an idealized time sequence of a

rapid intensifier as indicated by the relative concentration of inner to outer deep convection

and how it can be used to predict rapid intensification. This is important because this

intersection technique can effectively replace the obsolete intersection method Dunnavan

developed to predict rapid deepening.
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Figure 4.18: a to d: Depiction of four non-rapid intensification events in which an in-
tersection of the inner and outer plots did not coincide with the onset of rapid intensity
change, but were eliminated by climatological factors. Orchid's intersection occurred at
51 ms-1 (100 kt). Hope was an off season tropical cyclone. Joe and Percy developed in
the South China Sea.
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IDEALIZED YIEW OF RAPID INTENSIFICATION
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Figure 4.19: Illustration of an idealized rapid intensification event predicted by the inter-
section of the relative concentrations of inner (0 to 222 kin) pixels colder than -75*C versus
outer (223 to 666 kin) pixels colder than -65*C. As long as all climatological parameters
are favorable, the onset of rapid intensity change is very likely to occur within the next
12 hours.
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Statistics of the success rate of this intersection technique are presented in Table 4.5.

Of the 11 rapid intensifiers which occurred in the years 1983 to 1985, only three, Forrest

(1983), Dinah (1984) and Agnes (1984) did not have an intersection take place near the

onset of rapid intensification (Fig. 4.20). A possible explanation why Forrest and Agnes

did not fit the pattern (i.e., a concentration of deep convection) is the fact that both had

extremely small eyes. It is likely that rapid intensity change was primarily due to the

contraction of eye size, not a concentration of deep convection towards the center. As

evidence of this, the change of eye size over time versus intensity for both Forrest and

Agnes are given in Table 4.6.

Table 4.5: Verification statistics of the method used to predict rapid intensification events
discussed in section 4.8. There were a total of 70 named tropical cyclones in the NWPAC
during the 1983-1985 seasons. Verification of TY Ed (84), TY Ike (84), TY Thad (84),
TS Elsie (85), TY Fabian (85), and TY Gay (85) was not possible. "Eliminated by Cli-
matology" means intersection events that occurred when climatological factors indicated
the probability of rapid intensification was below .10. These were counted as successes.

1983 1o I985 TROPICAL PIXEL PLOT ELIMINATED BY SUCCISSFUL
CYCLONES INTERSECTIONS CLIMATOLOGY FORECASTS

RAPID 10 7 0 7 70
INTENSIFIERS

NON-RAPID 60 10 9 59 98
INTENSIFIERS

TOTAL 70 17 9 66 94

Satellite imagery of supertyphoon Forrest during rapid intensity change indicated the

eye was so small that ths. satellite was unable to resolve warm temperatures in the eye.

Thus the Dvorak data T-numbers for Forrest were significantly lower than the aircraft

intensity measurements (Fig. 4.21).

In summary, the intersection technique presented in this section is a valuable tool

to predict rapid intensification when used in conjunction with a good knowledge of the

climatology of rapid intensifiers. It provides a standard of measurement to identify cy-

clones which are most likely to rapidly deepen as opposed to the majority of storms which

do not rapidly intensify. It is not unexpected that such a relationship between the rela-

tive amounts of deep convection exists (Schubert and Hack, 1982), but it is of note that
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Figure 4.20: a to d: Depiction of the four non-verifying cases in which the relative con-
centrations of inner to outer deep convection either did not intersect close to the onset
of rapid intensification (a, b, c), or did not rapidly deepen once intersection occurred
(d). Both Forrest and Agnes experienced substantial contraction in eye size during rapid
intensification. After intersection, Clara intensified at a non-rapid rate of 1.25 hPa h-'.
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Figure 4.20: Continued.
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Table 4.6: Relationship between rapid intensity change and eye size. Starting at the same
initial intensity, the eye sizes of Forrest (A p = 107 hPa) and Agnes (A p = 61 hPa)
decreased by factors of 7.0 and 3.3, respectively, during rapid intensification.

FORREST AGNES
TIME INTENSITY EYE RADIUS TIME INTENSITY EYE RADIUS
GMT (bPa) (kin) GMT (hPa) (kin)

092109 987 32.4 100209 987 18.5
092121 977 14.8 100221 980 13.9
092200 975 9.3 100223 978 9.3
092211 926 4.6 100306 956 9.3
092214 907 4.6 100308 951 9.3
092221 880 4.6 100320 937 7.4
092223 883 4.6 100323 926 5.6
092309 898 5.6 100409 932 9.3
092312 902 6.5 100411 925 7.4

80 . d

STY FORREST (83)
70. - ---- --- ---

6011 _' ..
~AC

0...
, i SAT

30. •"

2 0

10,

0 10 20 30 40 50 60 70 80

Time (hr)
Figure 4.21: Illustration of the large intensity differences between satellite and aircraft
measurements during rapid intensification caused, at least in part, by the unusually small
eye of Super Typhoon Forrest.
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prediction of one of the most difficult forecast situations in meteorology may indeed be

possible.

Most rapid intensification events are not predicted. Even if, after further trials, this

technique is found to predict rapid intensification with less skill than evidenced from the

1983-85 data, it will be an improvement over current forecast skill which is near zero.

With the pixel counting technology currently available, it is possible to display the actual

pixel counts for both 0-2* and 2-6*, and record the data to display running means of the

data for various lengths of time. The author believes the values of -75°C for the inner

radius of 0 to 222 km and -65*C for an outer radius of 222 to 666 km will provide the

best results, but further refinements of this technique based on trial and error may give

superior results. Application to other tropical cyclone basins would require calibration

adjustments for satellite resolution and different inner/outer radial temperatures.



Chapter 5

OUTER CORE WIND STRENGTH AS A PREDICTOR OF RAPID

INTENSITY CHANGE

5.1 Background

The relationship between outer core (1 to 2.50 radius) wind strength (OCS) and

inner core minimum central pressure and maximum wind (intensity) was first discussed

by Weatherford and Gray (1988). They found one of the most notable differences between

intensifiers and fillers of the same MSLP was a stronger OCS of the filling storms.

Weatherford stated that, for the same central pressure, the stronger outer core of

filling cyclones prevents low-level momentum from reaching the inner core due to inertial

stability arguments and concluded that if the OCS value was > 20 ms - 1, the likelihood

of continued rapid intensity change diminishes quickly. In Fig. 5.1, most of the rapid

intensity changes of -20 mb or more correspond to an OCS value of 22 ms -1 or less.

Rapid intensifiers as a group tended to have significantly lower OCS values for the same

central pressure (Fig. 5.2). Weatherford and Gray did not establish a predictive link

between OCS and rapid intensity change, so a re-examination of the reconnaissance data

they used was conducted to determine if such a link existed.

5.2 Objective

The time and intensity aspects of the OCS data should reveal whether it is possible,

given a certain MSLP and an OCS value, to predict rapid intensity change based on Figs.

5.1 and 5.2. To investigate Weatherford's data set, the aircraft mission data was stratified

into several categories based on the criteria shown in Table 5.1. The objective was to

correlate initial intensity and OCS with subsequent 12 and 24 hour intensity change (as

measured by aircraft observations of MSLP and/or 700 hPa height).
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Figure 5.1: Scatter diagram showing the relationship between outer core strength (OCS)
and intensity change during the subsequent twelve hours (Weatherford, 1989).

Table 5.1: Criteria used to determine intensification classifications.

CLASWS CATIOH CRITERIA

Rapid Intensifiers Ap : -42 bPa next 24 hr

Non-Rapid In ensifers -10 hPa S Ap :5 -41 bPa next 24 hr

Non-lntenuifiexs +9 hPa : A p : -9 hPa next 24 hr

Fifiels Ap z +10 kPs next 24 hr
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5.3 Methodology and Results

The following comparisons were made between stratification categories: 1) intensifiers

versus fillers, 2) intensifiers versus non-intensifiers, 3) intensifiers versus rapid intensifiers,

and 4) non-intensifiers versus rapid intensifiers. These comparisons of OCS values for a

given central pressure are given in Fig. 5.3 (a to d).

Figure 5.3 clearly indicates that no predictive relationship exists between OCS and

future intensity change. Assuming that only aerial reconnaissance data were available

such that the central pressure and OCS were known, it would not be possible to accurately

predict if a cyclone will rapidly intensify or even if it will intensify at all in the next 24

hours (see Fig. 5.3 c,d). Thus, the lack of measurement of outer core wind strength caused

by the removal of reconnaissance aircraft in the Pacific appears to have not degraded any

potential for intensity change forecasts based on OCS information, since no predictive

signal appears to exist.

5.4 Summary

Further analysis of Weatherford's data showed that rapid intensifiers have rather

ordinary outer core wind strength (OCS) for any given pressure prior to period 1. No dis-

tinctive differences in OCS were noted for rapid intensifiers prior to onset. The significant

differences which Weatherford showed between rapid and slow deepeners were at the end

of period 2 (Fig. 5.4).

It is found that rapid intensifiers have a distinctly different outer wind structure for a

given central pressure and after rapid intensity change, but not before. The average rapid

intensifier has a large (-100%) increase in intensity as measured by inner core maximum

winds, but only a small (z30%) increase in strength as measured by outer core winds

(see Fig. 4.13). The OCS transitions from normal strength to one that is relatively weak

for a given central pressure. During rapid intensification, a contraction of the maximum

wind field likely occurs, so that most of the energetics of the tropical cyclone can be

concentrated as close as possible to the circulation center.
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Figure 5.3: Representation of measured outer core strength (OCS) and MSLP for

(a) before intensification versus before filling, (b) before intensification versus befoc-e
non-intensification, (c) before intensification versus before rapid intensification, (d) be-
fore non-intensification versus before rapid intensification. The best fit regression lines
and their correlation values are also shown.
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Figure 5.4: Scatter diagram of OCS and MSLP values for rapid intensifiers before and
after the onset of rapid deepening. B represents the centroid of the data points for both
before rapid intensification and non-rapid intensification. R is the centroid of data points
after rapid deepening. NR is the centroid after non-rapid intensification and is shown for
comparison. The regression lines shown closely approximate the regression lines for rapid
and slow deepeners shown in Fig. 5.2.
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A most unusual aspect of Weatherford's research ;- that immediately after ral

intensification, the OCS is relatively unchanged from its previous value before the onset

of rapid deepening (Fig. 5.5b). The values of OCS and central pressure before a rapid

intensification event are approximately equal to OCS and central pressure values prior to

non-rapid intensification. After rapid and non-rapid intensification, the central pressure

values are considerably different )--it the OCS values are nearly the same (see Fig. 5.5).

It may seem surprising to some tiat rapid intensifiers are not initially characterized by

relatively weak outer winds during the tropical storm and minimal typhoon stages which

would then strengthen as intensification proceeded. It is possible to have strong outer

winds as a tropical storm just before rapid intensification, but this is not usually the case.

As long as inflow proceeds to near the center, rapid deepening can still occur.
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Figure 5.5: Depiction of strength and intensity changes observed during non-rapid inten-
sification (a) and rapid intensification (b) (from Weatherford and Gray, 1988).



Chapter 6

THEORETICAL ASPECTS OF RAPID INTENSITY CHANGE

6.1 Vertical Momentum Transport in a Low Shear Environment

One of the critical factcrs for intensification of tropical cyclones is vertical alignment

between the lower inflow layers and the upper outflow layers. The amount of upper level

ventilation or "blowthrough" is believed to be directly related to maximum intensity (Zehr,

1976; Lunney, 1987). Merrill (1988) showed that the outflow characteristics of intensifying

hurricanes typically did not have unidirectional flow (ie., ventilation) over their center (Fig.

6.1).

In an environment of low vertical shear, a strong cyclonic circulation can be developed

at the inner core all the way up to the tropopause. The relationship between intensity

and cyclonic winds aloft will be explained in the next section. An upper level cyclonic

circulation exists, in theory, due to the upward transport of cyclonic momentum by strong

vertical motion in the inner core deep convection. The few upper tropospheric research

flights which were conducted in the late 1950's and early 1960's revealed small, intense.

cyclonic vortices close to their centers. Senn et aL. (1960) compared aircraft measurements

of wind velocity versus radar echoes of cloud motion in the upper levels of Hurricane Daisy

(1958) and found evidence of cyclonic momentum being transported by the updrafts at

the 250 hPa level (Fig. 6.2). Note that 65 kt (33 ms -t ) cyclonic winds were measured

in the eyewall less than 19 km from the center of Daisy. Even larger values of radar echo

velocities (up to 57 ms - 1) were reported outside the eyewall.

6.2 Thermal Considerations of Intense Upper Level Cyclones

Assuming environmental conditions of low vertical wind shear near the cyclone cen-

ter, the vertical updrafts in the inner core region are presumed to transport cyclonic
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Figure 6.1: Summary of outflow and ventilation differences between intensifying and
non-intensifying Atlantic hurricanes (Merrill,1988).
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Figure 6.2: Measured inner core flight level winds and radar echo velocities at 35,000 ft
(10.7 kin) of Hurricane Daisy. An intense inner core cyclonic circulation is still present at
the 250 hPa level. Intensity at the time of observation was 942 hPa, which is equivalent
to a maximum sustained wind of about 62 ms - 1 (Gray, 1989).
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momentum to the upper level circulation. If there is a lack of unidirectional flow across

the tropical cyclone across the center of the upper level vortex, the strength and vertical

extent of the updrafts should directly act to increase the cyclone's inner core upper level

cyclonic circulation. As observed from satellite, rapid intensifiers typically have very high,

cold cloud tops that often penetrate into the stratosphere. This would indicate that the

vertical velocities of updrafts in rapid intensifiers should be greater than non-rapid inten-

sifiers. This would imply, from the preceding arguments, that rapid intensifiers should

have cyclonic circulations that extend through the entire depth of the troposphere, as

indicated by profile a in Fig. 6.3. In theory, the vertical shear of tangential winds up to

150 hPa (WVe/Op) would be relatively small in comparison to the vertical shear typical of

most intensifying and stead-state typhoons (profile b). Assuming that the wind velocity

goes to zero near the tropopause, most of the vertical wind shear would be limited to near

the tropopause level.

_0.5

-I MAX WARMING

E 2 MAX ING

-4 (b)

8

-I0
I I I I I I

neo 0 pos.
ve-

Figure 6.3: Idealized vertical tangential wind profiles of (b) vertical shear usually found in
intensifying tropical cyclones and (a) vertical shear placed higher in the atmosphere due

to upward momentum transport (Chen and Gray, 1985).
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A concentration of tangential wind shear at the top of the troposphere has important

thermal consequences. The thermal wind equation in cylindrical coordinates is given by,

(f + 2 V) OV -ROT OF, O(dV,) (61)

O p p Or -P p (77

where f is the coriolls parameter, V the tangential wind velocity, r the radius from a fixed

center, R is the gas constant, p the density, T the virtual temperature, F, equals the radial

component of friction and V is the radial wind velocity.

In the upper atmosphere, the last two terms are small in comparison to the others in

Eq. 6.1, which gives the following thermal wind balance:

r f+ )% - =P-rTp (6.2)

(1) (2) (3)

According to Gray (1967), the first term is an "inertial parameter", W,, the second term

a vertical wind shear parameter, S, and the third expresses the horizontal baroclinicity,

B. For simplicity, Gray uses the equation

WS = B (6.3)

Figure 6.4 is an illustration of the thermal effects of intensification for two different

types of tangential wind profiles. We assume that both plots of tangential wind are initially

the same (curve 0), but in the first case (curve 1) the increase in tangential wind occurs

in the lower troposphere. This is considered by many authors to be the most common

intensification process. In the other intensification process (curve 2), the majority of the

increase in tangential wind is concentrated in the upper troposphere. The vertical wind

shear parameter, OV/Op, for curve 2 is much higher in the atmosphere than it is for curve

1. In order to maintain thermal wind balance in the region of maximum vertical wind

shear, increases in vertical shear (S) would require a decrease of the inertial parameter

(W,) or an increase the horizontal baroclinicity (B). A decrease in W, would mean a

reduction in the tangential component of the wind or an increase in the size of the eye
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since f is assumed constant. Weaker winds and larger eye size are not characteristic

of intensifying tropical cyclones, hence thermal wind balance in the region of maximum

vertical wind shear is most likely achieved by an increase in horizontal baroclinicity. Shea

and Gray (1973) demonstrated that the most intense hurricanes have large temperature

and pressure gradients across the eyewall and minimum vertical wind shear at the radius

of maximum wind (Fig. 6.5). Upper level reconnaissance flights into the inner core of

Atlantic hurricanes (Gray and Shea, 1976) showed that cyclones with the lowest surface

pressure tended to be warmer than average in the upper troposphere eye region, but also

were cooler than average in the upper level wall cloud.

Merrill (1988) found intensifying NWPAC tropical cyclones were cooler than non-

intensifiers at larger radii (Fig. 6.6). These data demonstrate that baroclinicity is the key

factor to explain why deep cumulus convection can be maintained in the inner core region

as the eye undergoes strong warming (see Fig. 6.7).

Decreases of horizontal baroclinicity below the level of maximum shear (due to reduc-

tion of V from curve 0 to curve 2 in Fig. 6.4) most likely result in subsidence warming in

the eye while the region of most intense convection in the eyewall remains relatively cool.

If the vertical wind shear is concentrated as high as possible in the atmosphere (as in

curve 2 of Fig. 6.4), warming of the inner core outside the subsidence eye region will also be

concentrated near the tropopause level, as indicated by the temperature deviation profiles

of Fig. 6.4. In a more common type of intensification (curve 0 to curve I in Fig. 6.4) where

the bulk of the tangential wind increase is in the lower troposphere, the inner core warming

outside the eye is located in the middle troposphere where the vertical wind shear is the

greatest. In general, deep convection acts to warm and stabilize the upper troposphere

of tropical cyclones, which over time tends to reduce further deep convection. Rapid

intensifiers are believed to limit the stabilizing effects of deep convection by concentrating

the vertical shear of tangential wind near the tropopause so that warming is as high in

the atmosphere and close to the center as possible.
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Figure 6.4: Vertical profiles of tangential wind (V) and temperture anomalies (T') f'or
two idealized typhoons initially with the same vertical profiles of wind and temperature
(curve 0). Curve 1 represents a spin up of the low level cyclonic circulation during inten-
sification. Curve 2 represents a spin up of the upper level vortex during intensification.
The temperature anomalies corresponding to each wind profile needed for thermal wind
balance are shown on the right.
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Figure 6.7: Cross sectional illustration of upper tropospheric temperatures of both intensi-
fiers and non-intensifiers. By extension, rapid intensifiers are believed to be cooler outside
the eyewall region and warmer in the subsidence eye region of the upper troposphere.

6.3 Application of the Hydrostatic Approximation to Upper Level Temper-
ature Change

Inward warming of the tropical cyclone necessary for thermal wind balance in the

region of maximum vertical shear brings up some rather interesting theoretical conclusions.

Rapid intensification is favored by the upper level cyclone being as intense and as high

as possible in the troposphere. This leads to a concentration of tangential vertical wind

shear and the largest temperature gradients across the eyewall near the tropopause. This

indicates that the most intense tropical cyclones would have a warmer eye and a relatively

cold wall cloud region in the upper atmosphere. The change in thickness A\Z for a given

AkT in the pressure layer p to p2 is given by:

R A(6.4)
g p

where 6p = p2 - p, and p - 22. Greater thickness changes are possible if the same

amount of warming in an equal pressure layer occurs as high as possible in the atmosphere

due to the fact that -42 is much larger in the upper than lower pressure layers. As an

example, in a standard tropical atmosphere, if 5*C warming occurs the 400 to 3.50 hPa
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layer, this will produce a net thickness change, AZ, of 19.5 m. If, however, the same 50

warming is placed in the 150 to 100 hPa layer, AZ equals 59.3 m, larger than the 400-350

hPa thickness change by a factor of 3. This is graphically illustrated in Fig. 6.8.

TROP IIOOhPo TROP ,lOOhPommN~300  300
500 500

0 700 700

900 9~9 0

S FC - - - -- S FC - - --

Figure 6.8: Relative pressure thickness differences for an equal amount of inner core
warming due to the placement of warm temperature anomalies in the vertical. Larger
pressure falls are -possible at the surface if the warm-ing occurs near the tropopause.

Equal in importance for rapid intensification is the need to maintain a relatively

cold inner core environment at upper levels. It is necessary that favorable lapse rate

buoyancy conditions be maintained at the inner core to maintain the "in-up-and-out"

transverse circulation of the intensifying tropical cyclone. A primary factor that inhibits

intensification is the fact that the warming needed to reduce the surface pressure will also

tend to stabilize the middle and upper troposphere, reducing further convection. Rapid

intensity change is considerably more likely if the warming generated by the tropical

cyclone is as high and as close to the center as possible so that the warm inner core does

not, over time, reduce the amount of deep convection.

6.4 Frictional Dissipation Effects

Another inhibiting factor is the increase in frictional dissipation that occurs along

with the increase of tangential wind in the boundary layer.

Frictional dissipation is a function of the square of the wind velocity so any increase

in tangential winds near the surface will also have larger values of frictional dissipation.
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Frictional effects also offer a better understanding of the process involved in the concen-

tration of deep convection dose to the center and the decrease of the radius of maximum

winds during rapid intensification.

The simplified equation of motion for the tangential component of the wind in cylin-

dncal coordinates (including friction) is given by:

OVG -V 9  (6.v )LV-- Vw -Ve + Fre (6.5)

where V9 is the tangential wind, V the radial wind, C. the absolute vorticity, r is the

radius of curvature, w the vertical wind component, and Fe denotes frictional dissipation.

The absolute vorticity and frictional dissipation terms are given by:

OVe ve29

= a + + r Fe = -KV, where K = g(PCD) = constant.

g (gravity) equals 9.8 ms- 2 and CD (drag coefficient) taken to be 2 x 10- 3.After substi-

tution in Eq. 6.5,

Ove eve Ove w 9 Ve- = -V,(f + r + --;)- W - KV'e(66
at r P(6.6)

We define V = -aV, where a is the inflow angle and assume f constant. Let -= 0 at

the radius of maximum wind and approximate WA to be relatively small in the boundary

layer such that wA A 0, then the equation of motion is given by:

aat a ve= v (- a K) (6. )

GEN DIS

Interpretation of Eq. 6.7 implies that in order to intensify (increase the tangential wind),

it is necessary that the generation term (a/r) be greater than the frictional dissipation

constant, K. An increase of the inflow angle a or a decrease in radius r is necessary for a

larger generation term. There is no such radial dependence for the frictional dissipation

term.
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A fundamental process of tropical cyclone intensification is a pressure gradient force

larger than required to balance frictional dissipation. If the tangential winds are subgra-

dient, then there must be an increase in the radial wind component (larger inflow angle a)

in order for the gradient wind to be larger than needed to balance friction. A large inflow

angle implies that there would be more net radial convergence into the radius of maximum

winds, which in turn would concentrate the deep cumulus convection closer to the center.

A contraction of deep convection is considered necessary, if there is no significant decrease

in eye size, for rapid intensity change.

Gray (1981) showed that the boundary layer inflow angle required to balance frictional

dissipation is substantially less at inner radii because of the geometric characteristics of

the inner core in a cylindrical coordinate system (Fig. 6.9). Wind accelerations at the

inner core are rela.ed to the fact that generation is a function of the inflow angle, radius,

and the square of the tangential wind while frictional dissipation is a function only of

V 2 . Closer to the cyclone center (smaller r) the generation term is much larger than the

frictional dissipation term for an equal inflow angle. The inflow angle needed to balance

friction for small r is also small. Larger inflow angles would increase the generation term

and act to spin up the inner core and concentrate the deep convection even closer to the

center.

6.5 Summary

The theoretical aspects of rapid intensity change are summarized in Fig. 6.10. The

primary environmental condition necessary for rapid intensification to occur appears to

be minimal upper level ventilation, assuming sea surface temperatures at least 28 0 C. In

theory, rapid intensifiers are able to spin up the upper level cyclonic circulation and place

the level of maximum shear higher in the atmosphere. As a result, inward warming near

the tropopause can more efficiently reduce the surface pressure without stabilizing the

middle and upper tropospheric environment. Enhanced radial inflow (down the pressure

gradient) would increase low level convergence and drive even more vigorous convection

in the eyewal/nner core region and continue spin up of the upper level cyclonic vortex.

•~~~~~~~~ -=- I m m iN m i I m l
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Figure 6.9: Depiction of the relationship between the mean inflow angle required to balance
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frictional dissipation at the radius of maximum winds where - , = 0 (Gray, 1981).

The net effect is that, in order for tropical cyclones to rapidly intensify, the energetic

processes of the cyclone must be concentrated as close to the center and as high as possible

in order to spin up the rapidly intensifying typhoon. As long as the convectiou is con-

centraed close to the center and the inward warming necessary for thermal wind balance

is near the tropopause, the upper level inner core region is exceptionally warm while the

outer core region is relatively cold. Hydrostatically, this creates a large pressure gradient

at the surface which is confined very close to the center. A small radius of maximum

winds and a steep pressure gradient allows the vigorous in-up-and-out circulation of rapid

intensifiers to continue by reducing the inflow angle required to balance friction and still

spin up the tangential winds.

The following factors are believed to be necessary for rapid intensification to occur

(Fig. 6.11):

1. Low vertical wind shear through the troposphere. An absence of'strong, (relativelyv)

unidirectional wind flow across the upper level center allows for vertical alignment

of the tropical cyclone so that upward transport of cyclonic aomentum can occur

and result in a more efficient drop in surface pressure within the inner cure region

• • • • m L | IO
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PHYSICS OF INNER CORE INTENSIFICATION

MINIMUMI NET IUPPER-LEVEL VERTICAL ALIGNMENT OFVENTILATI ON INNER CORE CIRCULATION

I
upward tangential momentum transport

SPIN UP
UPPER-LEVEL ELEVATE VERTICAL SHEAR

UORTEH

thermal wind balance

I NCRERSE ELEVATE INNER CORE WARMING
UPPER-LEVEL MAINTAIN EYEWALL CONVECTIVE

BAROCLINICITY INSTABILITY TO MAX SHEAR LEVEL

hydrostatic adjustmentI

CENTRAL
PR ES SURE GENERATE SUB GRADIENT WIND S
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radial inflowI
CONCENTRATE LOW LEVEL INFLOW

INNER CORE GREATER THAN NEEDED
CONVECTION TO BALANCE FRICTION

wind balance adjustment

SPIN UP EYE SIZE 1
LOW LEUEL --------------- ) CONTRAICTION
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Figure 6.10: Idealized view of the step-by-step process of inner core rapid intensification
and the theoretical reasoning used to explain rapid intensification. Minimb,,a ventilation
across the inner (ore is considered to be a necessary, but not sufficient, initial condition in
order for rapid intensification to occur. Favorable sea surface temperatures are implicitly
assumed.
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due to upper level warming. The outer core region would not have a large decrease

in surface pressure if warming effects are confined to the inner core.

2. A deep layer cyclonic circulation. If the intense cyclonic circulation extends all

the way to the tropopause, such that the vertical shear of the tangential wind is

concentrated at the very top of the troposphere, then the i. award heating of the

cyclone needed for thermal wind balance occurs as high as possible. In a deep,

intense cyclonic circulation upward momentum transport spins up the upper level

cyclonic circulation. If there is less of a spin up of the low level circulation (relative

to upper levels), then larger radial inflow and concentration of the deep cumulus

convection closer to the center are more likely to occur.

3. Large temperature gradients acruss the upper level eyewall region. Hydrostatically,

concentrated warming near the tropopause is the most effective process to produce

a rapid drop in surface pressure. It is necessary that the eye of the typhoon be

as warm as possible but that the upper troposphere of the eyewal be as cool and

convectively unstable as possible to rapidly decrease surface pressure.
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Figure 6.11: Generalization of the factors considered necessary for rapid intensification
(a) compared to the environmental conditions typical of non-intensification (b). Weak
ventilation permidts vertical alignment of the inner core, which is more favorable to spin
up the cyclonic circulation near the tropopause. An intense inner core near the tropopause
concentrates inner core warming higher in the atmosphere and produces a larger hydro-
statically induced pressure fall at the surface.



Chapter 7

DISTINCTIVE CHARACTERISTICS OF RAPID INTENSIFIERS

7.1 Composite Data Set Stratifications

In order to determine the distinctive differences of rapid intensifiers, it was necessary

to stratify the composite data into rapid intensifiers (R), non-rapid intensifiers (I) and

non-intensifiers (N). The non-rapid and non intensifiers were further classified as either

tropical storms (TS) or typhoons (TY), based on intensity before the intensification event.

These stratifications and the mean MSLP for each classification are listed in Table 7.1.

These composite data sets were used, along with individual soundings within III km of

the center, to explore the mean characteristics of the inner (0 to 20 radius) and outer (3

to 50) circulation regions of each intensification class.

7.2 Upper Level Ventilation

A fundamental hypothesis upon which the theory of rapid intensification discussed in

chapter 6 is based is minimum ventilation, or "blowthrough". Minimum ventilation allows

maximum tangential momentum transport into the upper troposphere and is necessary if

large surface pressure gradients are caused by upper level thickness changes. Ventilation is

not a quantity directly measured by rawinsondes, but must be calculated indirectly from

the relative magnitudes of the radial component of the wind.

The method used to compare the amount of net ventilation for each of the different

stratifications is rather simple and straightforward. The total wind for each of the eight

octants for a given radial band in the cylindrical composite grid with the storm motion

removed (MOT) were calculated. Then the difference between the MOT radial inflow

and outflow components were expressed as vectors along each of four major axes (see
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Table 7.1: Description of the various composite stratifications used in this study to identify
unique features of both rapid and non-rapid intensifiers.

COMPOSITE DESCRIPTION MrLP

TIME PERIOD (hP*)

Before Intensification / Tropical Storms 9930 to 24 Hours Before Onset

12 After Intensification / Tropical Storms 967
I2 o to 24 Hours After Onset

13 Before Intensification / Typhoons 966
0 to 24 Hours Before Onset

14 After Intensification / Typhoons _ 45I4 0 to 24 Hours After Onset

" Intensifiers 15 hPa Ap L 35 hPa / day 967
24 Hours Before to 24 Hours After Onset

N I Before Non-Intensification /Tropical Storms 998
0 to 24 Hours Before Onset 998

N2 After Non-Intensification/ Tropical Storms 9
0 to 24 Hours After Onset 993

N3 Before Non-Intensification/ Typhoons 963
0 to 24 Hours Before Onset

After Non- Intensification / Typhoons
N4 0 to 24 Hours After Onset 962

Non - Intensifiers Ap L 10 hPa / day 977
24 Hours Before to 24 Hours After Onset

R I Before Rapid Intensification Ap 2 42 hPa 983
12 to 24 Hours Before Onset

After Rapid Intensification ap z 42 hpa
R2 o to 12 Hours After Onset 956

Rapid Intensifiers AP 2 42 hPa /dai 969
24 Hours Before to 12 Hours After Onset
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Fig. 7.1). This difference is termed "asymmetric outflow" relative to the center. In Fig.

7.1, two units of asymmetric outflow across the center are indicated along the E-W axis

due to what is usually termed "blowthrough". Three units along the NE-SW axis is the

result of stronger outflow to the SW. No net ventilation is indicated along the NW-SE axis

because of symmetric outflow. Vector addition of the four axial vectors yielded a single

"asymmetric relative wind vector" (ARW Vector) with a magnitude given by the square

root of the sum of u and v components squared. Thus, the ARW vector is the resultant

(relative) wind and a measure of the magnitude and direction of unidirectional wind flow

across the cyclone center for a given radial belt, such as 1 to 30 (111 to 333 kin). Based on

this definition, cyclones with perfectly symmetrical inflow or outflow patterns would have

an ARW vector of zero, regardless of the magnitude of radial inflow/outflow components

(Fig. 7.2). Divergence into and out of a particular radial belt or pressure level is assumed

to be near zero for a composite set of data. This is a valid argument only if ventilation

across the cyclone center is desired and the data is a composite of many different tropical

cyclones. In particular, if the composite data indicated inflow along one axis and outflow

along the opposite axis, the radial wind components would add together and is assumed

to be a measure of unidirectional flow (ie., "blowthrough").

It was desirable to obtain ARW vectors for as close to the center as possible, while

maintaining a sufficient number of soundings in each octant for reliable vector calculation.

The 1-3* (111 to 333 kin) and 3-50 (333 to 555 kin) radial belts were selected for analysis

in the upper troposphere at the 300, 250, 200, 175, 150, 125 and 100 hPa pressure lev-

els. Insufficient sounding data at all octants in the R1 (before rapid intensification) and

R2 (after rapid intensification) composites in the 1-3° region precluded the use of these

stratifications. However, since composites RI and R2 are subsets of composite R (rapid

intensifiers), the latter was used for comparison with other composite stratifications since

Rl and R.2 combined together had at least 3 soundings per octant (Fig. 7.3).

7.3 Magnitude of Net Ventilation

Vertical profiles of net ventilation (ARW vector magnitude) for a set of stratifications

initially at tropical storm intensity for the 1-30 and 3-50 belts are shown in Fig. 7.4. The
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Figure 7.1: Illustration of the method used to calculate net ventilation. The asymmetric
relative wind (ARW) vector is the resultant wind of the radial wind components at each
octant. The heavy arrows indicate the asymmetric outflow along each of the four major
axes. The ARW vector V is derived from vector addition of the four axial vectors.
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Figure 7.2: An example of zero net ventilation. There is zero asymmetric outflow along
each of the four major axes. In this example, strong outflow channels are oriented to the
northeast and to the southwest. Dual outflow channels may enhance intensification by
reducing unidirectional ventilation.
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Figure 7.3: Representation of the number of soundings, by octant, in the before, after,
and combined rapid intensification composite stratifications at the 1-3 0 radial belt.
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most significant differences are between rapid intensifiers and Ni (before

non-intensification). For the 1-3* radial belt below 150 hPa, the non-intensifiers in com-

posites N1 and N2 had an asymmetrical relative wind three times as large as the net

ventilation across the center of the rapid intensifiers. It appears likely that one reason

these tropical storms did not intensify is larger upper level "blowthrough" which would

act to prevent vertical alignment of the tropical cyclone circulation. Conversely, mini-

mum net ventilation for composites R and I1 (before intensification) would be a favorable

factor for further development to typhoon intensity. The data for the 3-50 belt also indi-

cated relatively large ARW vector differences across the centers of rapid intensifiers and

non-intensifiers.

When a comparison is made between composite stratifications of typhoon intensity

(Fig. 7.5), only small differences between intensifiers and non-intensifiers are apparent in

the 1-30 region. Only typhoons which intensified at a non-rapid rate (14) had significantly

larger values of asymmetric relative wind. At 3-5*, no large differences are apparent, but

the rapid intensifiers tended to have less net ventilation below 150 hPa.

The relative differences in net ventilation are more apparent when the individual com-

posites are grouped together into three major categories; rapid intensifiers (R), intensifiers

(1), and non-intensifiers (N). A comparison for both the inner (1-30) and outer (3-50) ARW

vectors is given in Fig. 7.6. Note that the rapid intensifiers have less unidirectional wind

flow across the center than the non-rapid cases. No distinct magnitude differences are

indicated between the averaged non-intensifiers and non-rapid intensifiers, especially at

the 3-5* radial belt.

7.4 Direction of Net Ventilation

The direction of the ARW vector was also investigated to determine if rapid intensi-

fiers have distinctly different directional ventilation patterns than non-rapid intensifiers.

As shown in Fig. 7.7, the direction of the 1-30 ARW vector for the rapid intensifier

stratification varies greatly with height. Note that the 200 hPa vector is nearly 1800

opposite of the 100 hPa vector as the direction of the asymmetric relative wind tends to
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veer (anticyclonic) with height. In contrast, the directional profile of composite Ni (before

non-intensification, TS intensity), also shown in Fig. 7.7, which indicates a nearly uniform

direction of the ARW vector with height.

R

1750

1 0 0 " 1

N1

Figure 7.7: Comparison of upper level directional vectors at the 1-3* radial belt for rapid
intensifier (R) and before non-intensification (Ni) TS intensity composites.

Conceptually, it is important that the direction of the ARW vector not be constant

with height. As parcels ascend in the core of the cyclone, they would be displaced further

and further from the center if the ventilation vector direction is constant ar.d the vec-

tor magnitude increases with height. Anticyclonic veering of the ventilation vector with

height, as in the case of composite R, would allow ascending parcels to have lower outward

momentum and maintain proximity to the center as they encounter relative winds that

are directed back toward the cyclone center. Apparently, the ARW vectors of rapid inten-

sifiers are distinctly different from those of tropical storms which fail to ;ntensify. Strong,

unidirectional wind flow across the center of the cyclone at upper levels acts to prevent

intensification while weaker, multidirectional winds across the center tends to minimize
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vertical wind shear in the rapidly intensifying storms. It should be noted that the while

the concept of asymmetric outflow as a measure of ventilation is fairly straightforward,

actual measurement of unidirectional ventilation (blowthrough) based on composite data

is extremely difficult. The data presented here demonstrates, in a relative sense, that the

resultant wind across the center of rapid intensifiers is at least the same, if not less than,

the resultant wind across the center of non-rapid intensifiers and non-intensifiers.

7.5 Tangential Wind Profiles

Based on the ventilation results presented in this chapter, it is reasonable to assume

that rapid intensifiers have relatively weak wind flow across their center in the upper

troposphere, especially below 150 hPa. The 150 hPa level is also the approximate level

to which Cb clouds penetrate. Vertical transport of cyclonic momentum by the deep

cumulus convection near the center is therefore possible since rapid intensifiers do not

appear to have strongly unidirectional flow across the center to disrupt vertical alignment.

To examine the depth of the composite cyclonic wind fields, the tangential component

of the wind in a cylindrical coordinate system with the motion of the storm removed

(MOT) was calculated for each composite pressure level and out to 555 km from the

center. Vertical profiles of the tangential wind were plotted for the radial belts of 0-2' (0

to 222 kin) and 3-5* (333 to 555 kin) to determine relative differences between the inner

and outer circulations of the various composite data sets.

The 0-2* tangential wind profiles of rapid intensifiers and non-rapid intensifiers is

shown in Fig. 7.8. When a comparison is made between composites of tropical storm

intensity in the inner circulation region (Fig. 7.8a), the tangential wind differences due to

initial intensity are clearly indicated. The mean MSLP of tropical cyclones in R1 is 983

hPa, compared to 993 for I1 and 998 hPa for N1 (see Table 7.1). The tangential wind

profiles after the intensification or non-intensification event are dsso shown in Fig. 7.8a.

Note the large increase in tangential winds for composites 11,12 (non-rapid intensification)

and N1,N2 (non-intensification). This is in contrast to the before versus after profiles of

R1,R2 (rapid intensification), where lower troposphere tangential winds remained nearly
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constant while the upper level winds increased (Fig. 7.8b). This means that, over time,

the vertical wind shear of the non-rapid and non-intensifiers increased but decreased for

rapid intensifiers in the inner (0-28) region. In the outer (3-50) region, the pickup in

tangential winds after the intensification/non-intensification event is similar for all three of

the composite classifications (Fig. 7.9). Figure 7.9b shows that there is less of an increase

in vertical wind shear for rapid intensifiers below 125 hPa, and a spin-up of cyclonic

tangential winds near the tropopause and in the lower stratosphere at 3-5* radius.

Similar comparisons between rapid intensifiers and non-rapid intensifiers of typhoon

intensity at 0-2* radius are shown in Fig. 7.10. The tangential winds in composite

RI are weaker than those in composites 13 (before intensification) and N3 (before non-

intensification), and this is to be expected due to mean MSLP differences (see Table 7.1).

Large tangential wind differences exist in the "after" composite stratifications. Note that

there was little pickup in the winds for composites N4 and R2, as opposed to composite

14 (Fig. 7.10a). As shown in Fig. 7.10b, the net effect is to increase the mid-tropospheric

vertical wind shear of intensifiers and non-intensifiers over time at 0-2* radius.

Tangential wind data in the 3-5o radial belt for typhoon intensity composites (Fig.

7.1la) reveal only small differences in the before/after stratifications. Figure 7.1lb shows a

similar increase in tangential winds in the lower troposphere by both rapid and non-rapid

intensifiers. Non-intensifiers had no apparent increase or decrease of tangential wind in

the vertical.

It is evident that distinctive differences exist in the inner tangential wind profiles of

rapid intensifiers. Typically, as a tropical cyclone intensifies, the tangential component of

the wind increases. The pickup in tangential winds is largest in the lower troposphere since

tropical cyclones are warm core systems with the strongest winds near the surface which

weaken with height. For rapid intensifiers, the opposite occurs. Apparently, even though

there is a large decrease in the central surface pressure, no substantial increase in the low

level tangential wind velocity occurs. In fact, the 0-20 data indicated the tangential winds

near the surface actually decreased (Fig. 7.12). At 0-2* radius, there is an increase of

upper level tangential winds, resulting in a net reduction of vertical wind shear at the
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Figure 7.8: Tangential wind profiles at the 0-20 radial belt for composite stratifications
initially at tropical storm intensity (a) and the change of tangential wind after the inten-
sification or non-intensification event (b).
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sification or non- intensification event (b).
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Figure 7.10: Tangential wind profiles at the 0-2* radial belt for composite stratifications

initially at typhoon intensity (a) and the change of tangential wind after the intensification
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inner core of rapidly intensifying tropical cyclones. From the thermal wind equation, the

inward heating of the inner core due to vertical wind shear must occur above 300 hPa,

where the thickness changes are larger for the same amount of heating. By the same

argument, inner core warming of non-rapid and non-intensifiers should take place below

200 hPa (Fig. 7.13).
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Figure 7.12: Comparison of the inner core composite tangential wind profiles and mean
MSLP before (RI) and after (R2) rapid intensification.

7.6 Temperature Anomalies

To determine whether the tangential wind profiles discussed in the previous section

did, as theorized, affect the upper level thermal structure of rapid and non-rapid inten-

sifiers, composited rawinsonde temperature sounding data for the various stratifications

were taken at 0-2* (0 to 222 kin) and 3-5* (333 to 555 kin) radial belts. In order to com-

pare the relative temperature differences of each composite stratification, it was necessary

to subtract the mean temperature from the data to obtain temperature anomalies. A

mean tropical cyclone sounding at 2* (222 kin) radius given by Frank (1977) was used
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Figure 7.13: Illustration of the relative differences of inner core tangential wind profiles
for rapid intensifiers, intensifiers, and non-intensifiers. Increases in tangential wind below
200 hPa for intensifiers and non-intensifiers acts to increase the vertical shear of tangential
winds in the middle and upper troposphere.

to determine the composite temperature anomaly at each pressure level. Temperature

anomalies were plotted with pressure as the vertical axis.

When a comparison is made between composites of tropical storm intensity in the in-

ner region (Fig. 7.14a), the before rapid intensification composite (R1) is initially warmer

than the before intensification (I1) and before non-intensification (Ni) composites in the

middle and upper tzoposphere and mueh warmer in the stratosphere. After the intensi-

fication or non-intensification event, temperature anomaly profiles are as shown in Fig.

7.14a. Note the large differences in middle and upper tropospheric warming apparent in

the non-rapid (12) and non-intensifying (N2) composites. In contrast, the rapid intensi-

fier temperature profile changed very little after the onset of rapid intensification (Fig.

7.14b). The mid level inner core warming indicated for composites 12 and N2 would tend

to stabilize the tropical cyclone environment and act to suppress deep convection. On the

other hand, rapid intensifiers would maintain buoyant instability if no mid-level warming

occurs.

At the outer circulation (333 to 555 km), rapid intensifiers are relatively cool in

the middle and upper troposphere both before and after onset (Fig. 7.15a), Note the
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Figure 7.14: Temperature anomaly profiles at the 0-2* radial belt for composite stratifi-
cations initially at tropical storm intensity (a) and the change of temperature after the
intensification or non-intensification event (b).
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warming that occurs in composites 12 and N2 in the 300 to 100 hPa pressure layer (Fig.

7.15b). Hydrostatically, this should be reflected as a pressure fall at the surface. However,

since it occurs relatively far from the center, a concentration of the pressure gradient

near the center, believed to be necessary for rapid intensity change, is not likely to occur

(Weatherford, 1989).

Inner region temperature anomaly profiles for composites 13 and N3, initially at ty-

phoon intensity, are shown along with the before rapid intensification composite (RI) in

Fig. 7.16a. Clearly, non-intensifying typhoons are much warmer and more stable in the

middle and upper troposphere than non-rapid and rapid intensifiers. The largest temper-

ature differences between the composite stratifications is at 150 hPa. The before and after

temperature profile composites for both intensifiers and non-intensifiers are not consider-

ably different as is shown in Fig. 7.16b. Some upper tropospheric warming is apparent

during rapid intensification, but what is remarkable about the rapid intensifiers are the

cooler temperatures in the middle troposphere after the onset of rapid intensity change.

The temperature profiles of rapid intensifiers are more unstable in the inner core, both

before and after onset.

Some upper tropospheric heating occurs in the outer (3-5*) region of rapid intensifiers,

as is shown in Fig. 7.17a. But the outer heating during rapid intensification is nearly equal

to the heating that occurs during intensification and non-intensification (Fig. 7.l7b).

Investigation of upper level temperature anomalies outside 50 radius revealed that rapid

intensifiers are consistently cooler than intensifying and non-intensifying typhoons. Thus,

even though rapid intensifiers generate large amounts of latent heat released in vigorous

convection, the mid- and upper troposphere of the inner core remains relatively cool during

a rapid intensification event.

7.7 Temperature Anomalies Within 1 of the Center

Data in the previous section revealed the inner region (0 to 222 kin) temperatures of

rapid intensifiers were anomalously warm in the stratosphere but relatively cold below the

tropopause. To examine further whether this temperature profile was an actual inner core



141

* BEFORE W4T 0 BEFORE NOI4-INT XBEFORE RAPID INT
* AFTER INT 0 AFTER NON-tINT *AFTER RAPID INT

so- (a)

70-

100 TS
10

w 200

S250-
w300-
04400-

o500-
600-
700-
800-
900-

-5 -4.5 -4 -45 -3 -2.5 -2 -1'.5 -1 -.5s 0 .5
Temperature Anomaly ('C)

0 INTENSIFIERS *NON-INTESFIERS XRAPID INTENSIFIERS

50 (b)

70-35

100 TS
10

ai200-R-I

S250- M
S300-

400-
02 500-

600-
700-
800-
900-

1000.
-2 -4.5 -1 -.5 0 5 1 15 2 2.5 3 3.5 4

Before minus After AT (*C)

Figure 7.15: Temperature anomaly profiles at the 3-5* radial belt for composite stratifi-

cations initially at tropical storm intensity (a) and the change of temperature after the

intensification or non-intensification event (b).
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feature of rapid intensity change, individual soundings within 111 km (10) of the center

were obtained from the composite data sets. The number of soundings within 10 of the

center is quite small; a total of only 23 complete (stratosphere included) soundings were

available from a total of 10 composite data sets (Table 7.2). Of particular interest are the

two soundings in composite R1, taken within 24 hours of the onset of rapid intensification.

This is the only data available which directly measures, in the vertical, the distinctive

tropospheric and lower stratospheric characteristics of the inner core eyewall region in

rapidly intensifying typhoons. There were no 0-1* soundings in the lower stratosphere less

than 12 hours after the onset of rapid intensity change (composite R2).

Table 7.2: Upper level temperature of soundings within 111 km of the tropical cyclone
center. Soundings are grouped according to composite classification (see Table 7.1). Boxed
values are 90th percentile of warmest temperatures. Circled values are 10th coldest per-
centile.

COMP OATE MSLP 50 60 70 80 100 125 150 175 200

RI 05 SEP 71 989 -60.8 4-63.8 -66.415 -75.5 -67.9 -59.1 -51.8
RI 28 JUL 77 997 .MM U.7 -6-" .- 70.7 -63.0 -54.0 -47.0
II 22 OCT 68 992 -66.0 -68.5 -70.5 -78.1 -76.4 -75.1 -65.6 -57.1 -49.8
1I 11 JUL 57 1006 -60.0 -62.8 -66.9 -70.2 -75.0 -74.7 -66.6 -59.0 -51.8
II 20APR69 989 -66.0 -69.9 -78.0 (]I -76.4 -73.9 -64.9 -56.1 -48.6
II 15 MAY 76 1004 -61.5 -67.5 -74.7 -77.0 -77.4 -76.2 -67.5 -58.8 -51.3
13 23 F B 70 961 -64.0 -69.0 - -82.0 -81.9 -72.1 -64.1 -57.3 -50.5
13 17 AUG 64 975 -58.8 -64.5 -68.0 -67.0 -72.7 -72.7 -64.5 -56.0 -48.0
14 05 AUG 59 971 56.- 5.3 -64.9 -69.6 F-7.3 -71.4 -62.0 -53.5 -45.6
14 31 JUL 77 L- ' -60.5 -62.4 -64.0 -68.9 -73.0 -58.3 -51.0 -44.3
NI 08 OCT 64 00 -66.7 -68.4 -68.6 -68.5 -80.1 -2.8
Ni 14NOV 65 1002 -66.4 -69.2 -70.5 -77.1 -79.4 -75.7 -67.2 -58.8
NI 14 NOV 65 1001 -62.5 -72.0 -76.9 -76.7 -68.4 -60.1 -

NI 15 NOU 65 1000 . -69.9 -69.6 -75.9 -81.5 -75.4 -67.5 -59.8 -51.3
NI 19 NOV 681 1004 67.7" -69.5 Q -81.0 (. -75.0 -66.0 -57.1 -49.8
NI 17 SEP 75 (ED -61.8 -63.5 -67.7 -72.2 -76.5 -75.7
Ni1 06 OCT 59 997 -58.3 -63.8 -69.2 -74.0 -76.0 -71.4 -67.9 -58.5 -50.1
N3 15 AUG 73 980 -61.3 -64.7 -67.7 -72.2 -75.5 -68.5 -60.5 -52.0 -44.3
N3 18 AUG 74 974 -63.8 -65.8 -67.4 -72.6 -77.4 -67.5 -57.6 F9.8 E4.O
N4 13 NOU 67 935 I -75.2 -79.5 -69.5 -63.3 -55.3 -47.8
N4 20 AUG 60 978 -58.1 -60.6 -65.0 -68.6 -73.1 -72.9 -64.0 -55.3 -47.5
N4 23 SEP 72 934 -59.0 -62.4 -65.4 -70.1 -73.7 65.7 55.6 -49.0 L8.8:
N4 29 AUG 71 -61.8 -63.8 -65.4 -69.7 -72.7 -68.7 -62.6 -54.3 -46.5

MEAN 981 -61.9 -65.6 -69.3 -73.6 -76.4 -72.5 -64.6 -56.3 -48.7
ST. DEV. 27 3.8 3.8 5.1 5.9 4.2 3.6 3.9 3.5 3.7
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The most distinct differences for rapid intensifiers is in the vicinity of the tropopause.

Even though there are only two stratospheric soundings available before the onset of rapid

intensity change, these two are warmer in the lower stratosphere at 70 to 100 hPa than

any of the other 21 intensifying and non-intensifying soundings. Below the troposphere at

125 and 150 hPa, the temperatures before rapid intensity change were close to average.

Therefore, the 70-125 hPa pressure layer near the tropopause was unusually warm for both

cases prior to the onset of rapid intensity change. Upon close exaimination of the data in

Table 7.2, it would appear that the tropopause levels of the two soundings prior to the

onset of rapid intensity change were lower than the other soundings taken within III krn.

The coldest temperatures frr the rapid intensifiers were at 125 hPa, while all of the other

21 soundings had the coldest temperatures at 100 hPa or higher. This is not due to initial

MSLP differences or the time of year. Other soundings of approximately th'. same central

pressure in the same months had higher tropopause levels.

Perhaps the most interesting feature of the rapid intensifier soundings is the unusually

large warm anomalies near the tropopause (Fig. 7.18). In the first sounding, taken on

5 September 1971 by Wake Island in Super Typhoon Wendy, the 125 hPa temperature

is 3.00 colder than the mean, but at 100 hPa the temperature is 3.9* warmer than the

mean and 7.20 warmer than average at 80 hPa. The minimum central pressure of Wendy

dropped 49 hPa in 24 hours, with an onset 21 hours after the sounding was taken. The

second sounding, taken on 28 July 1977 by Kadena AB, Okinawa, on Typhoon Vera, the

125 hPa temperature is 1.80 warmer than the mean, and 9.80 warmer than the average at

100 hPa. The central pressure of Vera decreased by 46 hPa in 24 hours, commencing 14

hours after the sounding.

These warm anomalies may be due simply to the fact that the tropopause level appears

to be lower in these two particular cases, but it is equally likely that there is unusually

strong subsidence in the lower stratosphere prior to the onset of rapid intensity change

which would tend to bulge the tropopa., level downward. Regardless of the reason, the

0-1* soundings prior to the onset of rapid intensification tend to support the hypothesis

that the inner core of rapid intensifiers is unusually warm in the vicinity of the tropopause
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Figure 7.18: Vertical temperature profiles of two soundings taken within 10 of the center of
rapidly intensifying tropical cyclones less than 24 hours prior to the onset of rapid intensity
change. The mean sounding for 23 NWPAC rawinsondes within I of the cyclone center
is also shown.

level. This has important consequences in relation to changes in surface pressure. The

higher and more intense the inner core warming, the larger the drop in central pressure.

It is uncertain if the inner core of rapid intensifiers remains anomalously warm near

the tropopause as intensification proceeds or whether their vigorous deep convection would

act to force the tropopause higher and colder (Simpson, 1947; Palm~n, 1948; Arakawa.

1950; Gentry, 1967; Koteswaram, 1967; Sugg, 1967).

While there is a lack of data to support it, a hypothesis of what triggers rapid intensity

change may be found in the lower stratosphere. Overshooting cumulonimbus towers that

penetrate into the stratosphere transport energy and momentum out of the troposphere.

If we assume that prior to rapid intensification, the relatively cold upper troposphere

found to be characteristic of rapid intensifiers acts to destabilize the environment, then

the vertical motion at the tropopause would be greater for rapid intensifiers than for non-

rapid intensifiers and convection could penetrate to a greater depth in the stratosphere

before subsiding.

Enhanced subsidence could significantly increase the temperature of the lower strato-

sphere (Holland, et al., 1984). Higher stratospheric temperatures could then act to trigger

rapid pressure change at the surface. It is possible that rapid intensifiers are initially warm



147

core in both the troposphere and stratosphere. After intensification, rapid intensifiers may

remain unusually warm near the tropopause, but it is more likely that they develop a cold

core aloft in the lower stratosphere due to mixing of colder air from the troposphere. A

cold core near the tropopause is more typical of an intense tropical cyclone (La Suer and

Hawkins, 1963; Koteswaram, 1967; Gentry, 1967).

7.8 Rapid Intensification in the North Atlantic Region

In the North Atlantic, there is one well documented case of the inner core charac-

teristics of Inez in 1966 near the onset of rapid intensity change (Hawkins and Imbembo,

1976). Concurrent research flights by three aircraft at different levels into Hurricane Inez

before and after a period of "rapid intensification" (2z 40 hPa d- 1) also revealed the same

general tangential wind and temperature anomaly features as the 0-1* soundings and the

0-2* composited rawinsonde data set of rapid intensifiers discussed in this chapter. Dur-

ing the rapid intensification period of Inez (Fig. 7.19a), there was a large increase in

tangential winds in the upper troposphere and very little spin up of the low level winds

outside a radius of 0.50 (55 kin). The largest temperature increases occurred in the upper

troposphere in the region of maximum vertical wind shear and concentrated within the

eye (Fig. 7.19b).

There is a lack of data between the 180 hPa and 500 hPa flight levels and near the

tropopause level. Hawkins and Imbembo interpolated the flight data to create vertical

cross sections of Inez which may have significant errors. But if the cross sections of

Inez are generally correct before and after the onset of rapid intensification, these data

tend to support the hypothesis that rapid intensifiers are characterized by a relatively

large increase in tangential winds at upper levels and that the spin up of the upper level

cyclonic circulation produces large inner core temperature anomalies near the tropopause.

7.9 Geopotential Thickness Anomalies

Corresponding to the temperature anomalies discussed in sections 7.6 and 7.7, warm

temperatures in a given pressure layer would be indicated by a greater thickness in that
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Figure 7.19: Cross sections of wind velocity (a) and temperature (b) changes observed
within 10 of the center of Hurricane Inez during its rapid intensification period from 27
t., 28 September, 1966. Concurrent aircraft missions were performed at the 180, 300,
650, 750 and 900 hPa pressure l evels to obtain a rather complete horizontal and vertical
depiction of the inner core of Inez during a rapid :ntensity change from 970 to 927 hPa
central pressure (from Hawkins and Imbembo, 1976).
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layer. The 300 hPa level was chosen to delineate the upper (100 to 300 hPa) and middle

(300 to 500 hPa) troposphere layers. A thickness layer of 50 to 100 hPa represented

the lower stratosphere. Composite thicknesses at 0-2* and 3-5* were computed for the

following before/after classifications: rapid intensifiers, intensifiers, and non-intensifiers.

Composites initially at tropical storm (I1, 12, Ni, N2) and typhoon (13, 14, N3, N4)

intensity were averaged together to simplify the comparison and create stratifications of

nearly equal initial intensity.

Rapid intensifiers have negative thickness anomalies in the middle and upper tropo-

sphere, but large positive inner core anomalies in the lower stratosphere (Fig. 7.20). This

sharp reversal of thickness anomaly near the tropopause is another strong indication that

an unusually warm layer exists in the inner core near the tropopause of rapid intensi-

fiers. By contrast, non-intensifiers also have relatively large positive inner core thickness

anomalies near the tropopause, but since the thickness anomalies are also positive at lower

layers, this is an indication of a deep warm core that extends to the tropopause. This is

typical for mature tropical cyclones (Arakawa, 1950; LaSuer and Hawkins, 1963; Gentry,

1967; Koteswaram, 1967; Hawkins and Imbembo, 1976).

Figure 7.21 is a depiction of the 3-5* (outer core) thickness anomalies for before

and after composites. Note that before rapid intensification, negative thickness anomalies

persist at all layers, but that after rapid intensification there is a large thickness anomaly

in the 50-100 hPa layer. Conceptually, if the basic compositing assumptions made earlier

are accurate, the warm anomaly near the tropopause is initially confined to the inner

region and as rapid intensification proceeds, the warm layer spreads out at the tropopause

to larger radii. The resulting hydrostatic balance would cause surface pressures to fall in

the 3-5* outer core region. Over time, this would reduce the inward pressure gradient force

in the boundary layer unless the inner core is able to sustain heating as high as possible

in the atmosphere at a rate greater than the outer core. It is very difficult to maintain

this rate of upper level heating in the inner core tropopause level for extended periods of

time because the warm anomaly does not remain confined to the inner core, but extends

out to larger radii and hydrostatically weakens the pressure gradient force at the surface.



150

LOWER STRATOSPHERE (a)

50

41410 aD

(b)
100 UPPER TROPOSPHERE

MIDDLE TROPOSPHERE (C)

3005 - ___ _

BEFOR EOE ATE 1OEN~

RAT A21384a 88
3.66A fi

3851 a

hPa (983) (956) (980) (956) (981) (977)

Figure 7.20: Depiction of pressure thickness values for before and after classifications
of rapid intensifiers, intensifiers, and non-intensifiers at the 0-2* radial belt in the lower
stratosphere (a), upper troposphere (b), and the middle troposphere (c). Mean central
pressure for each composite classification is shown in parentheses at the bottom.
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Without a sharp pressure gradient at the inner core, the rapidly intensifying tropical

cyclone is unable to continue to deepen at a rapid rate. This is a possible explanation why

rapid intensifiers deepen so quickly in the first few hours after onset and rarely intensify

at a rapid rate for longer than 24 hours (Holliday and Thompson, 1979).

7.10 Horizontal and Vertical Cross-Sections of Temperature and Tangential
Winds

Discussion of the distinctive characteristics of rapid intensifiers in this chapter has

been confined to the inner (0-2*) and outer (3-5*) circulation regions. This is because most

of the large differences between rapid and non-rapid intensifiers occur at the inner core.

The 3-5* radial belt was considered representative of the mean environmental conditions

that would be altered by the presence of a tropical cyclone, while sounding data outside

50 radius would not be expected to yield significant differences.

Mean values of the data used in this research from the stratified composite sets was

organized in tabular form by pressure level and radial belt, hence it is possible to get a more

complete picture of the distinctive characteristics of each stratification from horizontal and

vertical cross sections of the mean data. Temperature anomalies before intensification or

non-intensification, along with the changes of temperature and the tangential component

of the wind during the intensification or non-intensification event are presented in Figs.

7.22 to 7.24.

The cross sections illustrate how (and why) the upper level temperature structure of

rapid intensifiers, non-rapid intensifiers, and non-intensifiers are distinctly different. In

Fig. 7.22, note that before the intensification or non-intensification event, non-intensifiers

are much warmer than intensifiers and rapid intensifiers in the middle and upper tro-

posphere. At the inner core, rapid intensifiers have progressively warmer temperature

anomalies in the lower stratosphere. Non-intensifiers and intensifiers have colder inner

core temperature anomalies above the tropopause. The temperature structure of rapid

and non-rapid intensifiers is strikingly similar outside the inner core region at radii > 150

km.
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Less similarity exists between rapid and non-rapid types after intensification. During

rapid intensification, the middle and upper troposphere of the inner core is considerably

colder than for non-rapid intensifiers. Within 20 (222 kin) of the center, there is no

significant inner core warming is apparent below the tropopause level of rapid intensifiers

(Fig. 7.23). The inner core environment of rapid intensifiers maintains buoyant instability.

The inner core upper level warming of the intensifiers and non-intensifiers acts to stabilize

the tropical cyclone environment and would reduce subsequent deep convection. Rapid

intensifiers appear to concentrate their inner core warming as high and as close to the

cyclone center as possible.

The most distinctive feature of rapid intensifiers is the inner core increase in tangential

winds which occurs, not near the surface, but in the upper troposphere (Fig. 7.24). The

tangential wind increase during rapid intensification is nearly uniform in the 150 to 500

hPa layer. This is evidence that vertical transport of low level cyclonic momentum does

take place at the inner core during rapid intensity change. Vertical momentum transport

has spun up the upper level circulation and forced the region of maximum vertical shear

to very high levels (above 150 hPa). When we refer back to the change of temperature

profile of rapid intensifiers in Fig. 7.24, it is likely that the largest inner core temperature

increases are above 150 hPa. This correlates exactly with the region of maximum vertical

wind shear.

7.11 Summary

A picture of the distinctive characteristics of rapid intensifiers is beginning to emerge.

It has been obtained from examination of composited rawinsonde data at radial belts of

0-2* and 3-5* and cross sections out to 400 km.

Rapid intensifiers are found to have less unidirectional flow across their upper level

center, and thus better vertical alignment, than other stratifications that intensified in a

non-rapid manner.

Vertical profiles of the tangential component of the wind revealed that, in the 0-2'

inner circulation region, rapid intensifiers have less vertical wind shear in the middle and
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upper troposphere than similar profiles of non-rapid intensifiers. Even though the intensity,

as measured by the MSLP, changes rapidly during intensification, a corresponding increase

in the low level tangential winds and outer core wind strength (OCS) was not observed.

During rapid intensification, the tangential winds in the inner core region of the upper

troposphere increase. Most of the inward heating is concentrated near the tropopause at

the level of maximum shear.

Rapid intensifiers are relatively cool through most of the troposphere but relatively

warm above 150 hPa. This allows deep Cb convection to continue due to minimal stabi-

lization in the middle and upper troposphere.

The results of this chapter highlight that distinctive differences exist at the inner

core of rapidly intensifying tropical cyclones. While the lack of soundings close to the

center of rapidly intensifying tropical cyclones makes it difficult to draw any conclusions

from the individual soundings within Ill km of the center, it is important to note that

of the available soundings, rapid intensifiers had the warmest temperatures of all near the

tropopause. The data compiled by Hawkins and Imbembo (1976) of a rapid intensifier in

the Atlantic add further support to the relatively few 0-1 soundings obtained from the

western North Pacific. There were, however, more soundings available at the 1-2* radial

belt. These soundings support the presence of unusual warm inner core anomalies near

the tropopause of rapid intensifiers.

The data presented here offers a physical explanation for rapid intensification and

is believed to be useful for numerical models which are developed to understand the

physical processes of intensity change. Finer resolution of the inner core structure of

rapid intensifiers should demonstrate the effectiveness of the inner core warming near the

tropopause level caused by placing the vertical shear of the tangential wind as high and

as close to the center as possible.



Chapter 8

DISCUSSION AND APPLICATIONS

8.1 Conclusion

The largest forecast intensity errors are due to under-forecasting rapid rates of

intensification. The objective of this research was to determine if prediction of rapid

intensification is possible and to provide operationally useful techniques that can be applied

by the forecaster to reduce large forecast errors.

Climatological factors are important in assessing whether rapid intensification is likely

or not. The best and most operationally sigriant prt-tiction technique is based on the

relative concentration of inner to oter deep convection. A prediction method which uses

the 24 hour running mean pixet count values of inne, radius (0-2°) convection colder than

-75°C and outer radius (2-6o) convection colder than -65*C appears to be an effective

prediction tool. An intersection of the two pixel count plots is an indication tiott extreme

concentration of inner core convection was occurring and that the onset of rapid ihi:tn-

sification was imminent. If this method were used in the western Pacific during 1983 to

1985, it would have correctly predicted the onset of rapid intensification in 7 of 10 rapid

intensifiers and nearly all non-rapid intensification periods. A complete description of

the methods used to predict rapid intensity change and their application to operational

forecasting is given in Appendix A.

The prediction technique tends to support the hypothesis that intensification is

preceded by enhanced convection, and not vice versa. A lag appears to exist between in-

creases in deep cumulus convection and intensity change. For rapid intensification events.

the perceived lag is more readily apparent because of (relatively) large increases in inner

core convection over a shorter period of time. Large increases in inner core convection
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compared to outer core convection would indicate that a relatively large increase in

pressure gradient at the surface would be concentrated at the inner core in the near future.

This is believed to be the reason why the relative concentrations of inner and outer core

convection, as observed from satellite, can effectively predict the onset of rapid intensity

change.

Minimal undidirectional flow across the cyclone center is considered necessary for spin

up of the inner core at upper levels. A cyclonic circulation as high in the atmosphere as

possible results in a level of maximum shear near the tropopause. In theory, inner core

warming occurs near the tropopause at the level of maximum shear. This results in more

rapid intensity change due to the fact that for a given temperature change between equal

pressure layers, there is a larger pressure thickness change if the warming is placed higher

in the atmosphere.

Observational evidence of the dist>ictive characteristics of rapid intensifiers appears

to agree with the theory of rapid intensification. Rapid intensifiers have less net ventilation

(asymmetrical outflow) across their cyclone center than other composite stratifications of

intensifiers and non-intensifiers. Vertical shear and warm inner core temperature anomalies

are concentrated near the tropopause level.

Rapid intensity change is believed to be directly linked to the physical processes oc-

curring only within the inner core. Outside of 20 radius, very little structural change

is apparent during rapid intensification. The outer core response would seem to be in-

dependent of the substantial changes occurring within 20 of the center. The relative

concentration of convection within 2* which occurs prior to the onset of rapid deepening

would also seem to clearly indicate the physical processes of the inner core are of greater

importance than outer core features in regards to t' e rate of intensification. Thus, we can

consider rapid intensity change to be limited to a very small, intense inner core and not

directly linked to environmental conditions at larger radii, such as outflow channels and

tropical upper tropospheric trough (TUTT) interactions.

The most widely accepted physical explanation for rapid intensity change has been

the existence of strong asymmetrical (single or multiple) outflow channels (Sadler. 19T:
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Holliday and Thompson, 1979; Holland and Merrill, 1984; Chen and Gray, 1985; Merrill,

1988). A double outflow channel exporting heat and mass in opposite directions away

from the upper levels of the intensifying tropical cyclone is generally considered to be

the most effective way to maintain upper level buoyant instability necessary for continued

deep convection.

Although intensification is frequently associated with multiple outflow channels, the

author does not believe intensification is cirectly linked to a special dynamic response of

the deep convection to the outflow as has been hypothesized by Holland and Merrill (1984)

and numerous other authors (Alaka, 1962; Sadler, 1978). The primary link would appear

to be the relationship of such asymmetric outflow "jets" to the development of minimum

net ventilation across the tropical cyclone inner core region.

Multiple outflow channels appear to play an important ide role in the intensifica-

tion process by reducing unidirectional shear across the center of the developing tropical

cyclone. Any environmental conditions which would minimize the magnitude of net ven-

tilation across the top of the tropical cyclone would be more favorable for intensification.

It is very likely that if there is a lack of unidirectional shear (relative to storm motion)

across the center of the rapid deepener, multidirectional outflow will follow as a natural

consequence, regardless whether or not strong outflow channels initially exist.

Previous research has determined that the most favorable environmental conditions

for rapid intensification are outflow "jets" on the poleward and equatorward sides of the

cyclone or a tropical upper tropospheric trough (TUTT) located in a favorable position

poleward of the disturbance. In Fig. 8.1, it is evident that these outflow patterns would

create a region of minimum ventilation in the transition zone from easterly winds on the

equatorward side (relative to the moving center) to (relatively) westerly winds on the

poleward side (Fig. 8.2). It is in this region of minimal unidirectional shear that rapid

intensification is possible if a spin up of the upper level tangential winds at the inner core

occurs.

Enhanced outer radius outflow may cause a spin up of the outer core winds. As

previously discussed, inner and outer core tangential winds are not well related to each
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Figure 8.1: Illustration of two synoptic streamline models of upper level environmental

flow patterns associated with enhanced tropical cyclone intensification. "STR" is the

subtropical ridge, "SER" the subequatorial ridge, and *TUTT" is the tropical upper

tropospheric trough (et al., 1987).
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Figure 8.2: Illustration of the effect (relative to storm motion) dual outflow channels

associated with mid-latitude troughs and TUTTs have in reducing the amount of net

ventilation (unidirectional shear) across the top of an intensifying tropical cyclone. Mini-

mum net ventilation occurs in a region of weak easterly winds for a cyclone moving at a

moderate rate to the west- northwest.
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other. rhe concept of outflow channels being necessary for removal of excess heat in

order for rapid intensification to occur appears flawed. In the opinion of the author, it is

necessary to retain as much heat as possible close to center without stabilizing the eyewall

deep convection (which is most crucial).

The theory and observations presented in this study offer a more plausible physical

explanation of the process of rapid intensification.

8.2 Recommendations

The pixel plot intersection technique discussed in this thesis should be adopted im-

mediately in the western Pacific in order to predict the onset of rapid intensity change.

Operational application of this prediction method should dramatically reduce the magni-

tude of 24 hour forecast intensity errors caused by under forecasting rapid intensity change

while at the same time not increasing the false alarm rate. There has been only limited

success in previous attempts to predict rapid intensification even with the availability

of aircraft (Dunnavan, 1981), so the fact that aerial reconnaissance of tropical cyclones

is no longer performed in the western Pacific is not a major factor except that verifica-

tion of rapid intensification events will be more difficult without "ground truth" aircraft

measurements of minimum sea level pressure changes.

The focus of this research has been the western Pacific, which is the most active

tropical cyclone basin in the world and where the majority of rapid intensifiers occur.

Application of this prediction technique (based on 10 km resolution GMS infrared imagery)

for higher resolution GMS data and to the Atlantic and the Southern Hemisphere would

require additional calibration.

The distinctive charactcristics of rapid intensifiers considered in Chapter 7 are also

based on a small set of rawinsonde data obtained from the northwest Pacific basin. While

the theoretical concepts discussed here are thought to be valid at other locations, other

additional factors may have to be considered in the other tropical cyclone regions. The

key is availability of rawinsonde data within 20 of the center of rapidly intensifying trop-

ical cyclones and stratification into proper categories. Future research of the distinctive
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characteristics of rapid intensifiers should attempt to cbtain more inner core soundings of

rapid intensifiers than was available to the author in the 1957-77 composited rawinsonde

data set at Colorado State University.

The unusually warm inner core temperature anomalies in the upper troposphere and

lower stratosphere typical of rapid intensifiers might also be measured by specially de-

signed research aircraft (Gray, 1979) or by the satellite microwave data (Kidder, et al.,

1978; Veldon and Smith, 1983), which is currently available on the DMSP and NOAA po-

lar orbiting spacecraft. Aerial reconnaissance of rapid intensifiers using jet aircraft would

provide a more complete description of their upper level structure than is available from

compositing the relatively rare inner core rawinsonde soundings taken near the onset of

rapid deepening. In particular, measurement of asymmetrical relative wind across the

cyclone center out to 2-3O radius would determine the relative importance of minimal

ventilation to rapid intensity change. Improvements in the resolution and capabilities of

satellite-based microwave sensors should yield more evidence of unusually warm temper-

atures near the tropopause of rapidly intensifying tropical cyclones (Veldon, 1989).
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Appendix A

OPERATIONAL APPLICATION AND FORECAST RULES

Once a disturbance develops into a tropical storm, the latitude at which

initial tropical storm classification occurs (TS Lat) is used in the first few forecasts for a

long range forecast of maximum intensity and the number of hours required to reach peak

intensity (Fig. A.1). For example, if a storm intensifies to tropical storm intensity (18

ms- ') at 20*N in the western Pacific during the months of July to November, the mean

(most likely) maximum intensity will be 41 m. - 1 (80 kt) in 60 hours, an intensification

rate of 9.2 ms - 1 per day (0.75 kt hr-1). If, for example, the cyclone reaches 33 ms- 1 (64

kt) intensity at 23*N in 30 hours, then the relationship between initial typhoon latitude

(TY Lat) and intensity would predict a maximum intensity of 46 ms - 1 with an overall

(TS to max) intensification rate of 9.6 m - ' per day (Fig. A.2). Thus, the long range

forecast at this point would be a further increase in intensity of 13 ms - 1 (25 kt) in the

next 42 hours. Actual forecasts would be based on several other environmental factors,

but the relationship between tropical storm latitude and mean maximum intensity would

probably be an improvement on any other prediction method based strictly on climatology

and, in most cases, better than the official intensity forecast. The advantage of this long

range prediction scheme is that it can provide an good initial intensity forecast for the first

few tropical cyclone warnings until a more definite rate of intensification is established. A

verification experiment demonstrated that a long range prediction method based strictly

on the latitude of TS and TY development can outperform the official JTWC intensity

forecasts during the primary season months of July to November, particularly for rapid
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intensification events. Most tropical cyclone forecasters would agree that the most difficult

intensity forecasts are during the first 24 hours of development, and a forecast method

based on TS Lat would likely reduce the magnitude of long range intensity forecast errors.

Climatological parameters can also be used to determine the probability that a given

tropical cyclone would rapidly intensify or not. Rapid intensification is very unlikely to

occur if a tropical cyclone is north of 22*N latitude or located in the South China Sea

region. Rapid intensification is not likely to occur during the months of December to

June. Most rapid intensification events occur at initial intensities close to 33 ms - 1 (65

kt), so the latitude and julian date at which minimal typhoon intensity occurs is useful

to determine the probability that a certain typhoon will begin to rapidly intensify (Fig.

A.3). The first step is to determine if the TS Lat and the TY Lat were at latitudes

south of the seasonal mean (Fig. A.4). Rapid intensification is not likely if tropical storm

and/or typhoon development occurs more than VO (111 kin) north of the seasonal mean.

The next step is to determine the probability of rapid intensification based on julian date

(Fig. A.5). Climatological parameters clearly show that typhoons which reach minimal

typhoon intensity at low latitude in the primary season of July to November are more

likely to experience a rapid intensification event.

The rate of change of the satellite data T-numbers once an eye was apparent in the

satellite data was also found to be a strong indication of rapid intensification. Changes

of more than 1.0 T-numbers in 6 'ours or 1.5 in 12 hours are short term predictors of

rapid intensity change since a 6 to 12 hour lag appears to exist between intensity estimates

based on satellite measurements and minimum sea level pressure intensities measured by

aircraft. The accuracy of any prediction method for rapid intensification based on the

Dvorak data T-numbers is questionable due to observed storm-to-storm variability in the

magnitude of the satellite overestimate and the apparent time lag. An experimental test

of the ability to predict minimum sea level pressure measurements 12 hours later yielded

encouraging results. Assuming a lag of about 12 hours between intensities observed by
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LATITUDE OF RAPID INTENSIFICATION ONSET BY DATE

*MEAN ONSET LATITUIDE tONE STANDARD DEVIATION
22

* VV

AA TVj~j4

61 A ~ -AAA~ j
10 o200 250 300 -30AU
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Figure A.3: Mean latitude of onset of rapid intensity change stratified by date. Mean
values and standard deviations for each multiple of five julian days are shown along with
the best fit regression fine.
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Figure A.4: Relationships between the latitude of initial classification as a tropical storm
(a), latitude of initial typhoon classification (b) for rapid intensifiers (open circles), and
the mean latitude (by julian date) of TS and TY de~.elopnc'.At for all NWPAC tropical
cyclones (solid lines).
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PROBABILITY OF RAPID INTENSIFICATION EVENT BY DATE
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Figure A.5: Relative probability (by julian date) that a tropical cyclone of minimal ty-

phoon intensity will rapidly intensify. Relative probabilities were determined by dividing

the number of rapid intensification events by the number of minimal typhoon events for

each 30 day overlapping "julian month" periods.
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satellite and actual intensity changes at the surface during rapid intensification, unusually

large increases in the data T-number for tropical cyclones with an eye can be used to

predict the intensity currently indicated by che data T-number at a point 12 hours later

(Fig. A.6).
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T7.0e SA fEA

T6. 5 72 = -1  7m
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TS 5 a

z
- T5.5-- -
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t=O t=12 t-24 t=36 Time (hr)

Figure A.6: An example of a method to predict short term intensity changes based on a
lag of approximately 12 hours observed between rapid changes of satellite (SAT) intensity
estimates and rapid intensity change as measured by aircraft (AC).

Prediction of rapid intensification based on the relative concentration of deep con-

vection is most promising. The first step in this prediction method is to determine the

number of pixels within 222 km of the center whose brightness temperature is -75°C or

less and the pixel count colder than -65*C in the 222 to 666 km radial belt. A running

mean of the previous 24 hours of data is taken to reduce diurnal effects. The running

means are plotted along a modified scale given in Fig. A.7.

When the two plots intersect, or when X in the equation given by
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Figure A.7: Idealized view of the method used to predict the onset of rapid intensity change

(for 10 km GMS infrared data) based on the relative concentrations of inner core (0-2 °)

and outer core (2-60) deep convection. When climatological conditions are favorable, an

intersection of the 24 hour running mean pixel count values occurs approximately 12 hours

prior to the onset of rapid intensification.
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(3.29)(P - 200)

P.

is greater than 1.0, then the onset of rapid intensification is imminent and should be

predicted within the next six hours as long as the climatological parameters of rapid

intensification such as location, julian date and latitude indicate the probability of rapid

intensification is relatively high. This prediction method correctly predicted the rapid

intensification events of Wayne (83), Abby (83), Marge (83), Vanessa (84), Bill (84),

Doyle (84) and Dot (85) and non-rapid intensification in 59 of 60 tropical storms and

typhoons which occurred during the 1983-85 seasons. Prediction of rapid intensification

for Clara (84) was not verified and the rapid intensification events of Forrest (83), Dinah

(84) and Agnes (84) were not forecast, yielding an overall success rate of 94% (Table Al).

Table A.I: Verification statistics of a technique which uses relative concentrations of inner
and outer core deep convection to predict the onset of rapid ( 42 hPa d-1 ) intensity
change. Data is based on 70 named tropical cyclones in the NWPAC from 1983 to 1985.

Tropical Pixel Plot Eliminated By Successful
1983 to 1985 Cyclones Intersections Climatology Forecasts %

Rapid 10 7 0 7 70
Intensifiers

Non-Rapid 60 10 9 59 98
Intensifiers

TOTAL 70 17 9 66 96

The inability of this intersection technique to forecast the rapid intensification of For-

rest and Agnes can be explained by the contraction of the eye diameter in both typhoons

to an extremely small size (2 11 kin). It is likely that rapid intensity change primarily

occurred due to the contraction of the radius of maximum winds and not due to the more



179

typical process of concentrating the deep convection closer to the cyclone center. The

forecast rules discussed in this section are summarized in Fig. A.S.
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Figure A.8: Summary of climatological and satellite forecasting rules used to predict
future intensity and the onset of rapid intensification. A long term forecast of maximum
intensity and peaking hour is made at initial tropical storm classification. Once a tropical
cyclone develops an eye or reaches minimal typhoon intensity, climatological factors such
as time of year and location are the critflria used to determine the likelihood of rapid
intensification once the pixel count curves of inner and outer convection (see Fig. A.7)
intersect.



Appendix B

LIST OF RAPID INTENSIFIERS

Listing of the tropical cyclones that experienced a period of rapid intensification at a rate

of at least 42 mb per day for the years 1956 to 1987. Climatological statistics of th," date,

location, intensity, and number of hours after tropical storm classification that the onset

of rapid intensity change occurred is shown in the ONSET column. Changes in intensity

(for both maximum winds and minimum sea level pressure) and the time period involved

are shown in the INT RATE column. Latitudes of initial classification as a tropical storm

and a typhoon are also shown.
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ONSET INT RATE
YEAR NAME JULIAN LAT LON YmaX MR 66mYx AiR APmex TS Lot -Y Lot

DATE ON *E (kt) (kt) (md-) N a

56 WANDA 209 20.1 140.3 60 so Z4 47
57 YVRGINIA 171 13.3 135.6 50 80 28 76
57 AGNES 228 20.6 133.2 65 60 36 66
57 FAYE 261 10.8 145.3 80 45 23 49
57 HESTER 280 18.0 141,9 60 80 24 81
57 LOLA 317 09.0 152.6 85 55 25 64
58 GRACE 243 13.7 137.1 75 60 25 65
58 IDA 26S 13.8 1373 55 80 24 81
58 NANCY 327 145 1290 65 60 24 60
39 JOAN 239 16.5 136.1 75 60 27 66
59 VERA 26S 16.8 146.7 75 70 23 73
59 CHARLOT 28S 15.8 1290 65 65 32 70
59 GILDA 348 07.4 140.2 60 45 24 42
59 HARRIET 361 11,4 140.7 65 so 24 SO
60 TRIX 218 16.3 1347 75 55 24 57
61 PAMELA 253 22.2 133.7 70 45 24 43
61 VIOLET 279 172 143.2 80 60 Z4 64
62 OPAL 216 19.3 128.1 80 s5 Z4 56
52 RUTH 227 180 1460 55 70 24 65
62 EMMA 276 16.1 146.9 75 45 24 43
62 KAREN 312 078 52.4 70 45 24
63 WENDY 192 1Z.0 14S.0 45 SS 24 49
63 BESS 215 18.5 137.7 70 so 25 53
63 CARMEN 223 10.1 131.8 80 45 24 48
63 JUDY 274 18.5 146.5 60 55 24 53
64 HELEN 210 22.6 145.8 70 50 24 53
64 IDA 217 15.0 131.0 70 45 24 45
64 SALLY 249 14.3 140.7 80 60 24 60
54 WILDA 263 19.4 142.3 85 so 24 58
64 OPAL 343 07.9 138.8 55 60 23 53
65 BESS 272 176 143.8 75 55 24 66
65 CARMEN 279 16.6 1470 70 60 29 59
66 KIT 175 13.7 131 8 65 85 29 89
66 CORA 244 15.3 138.3 45 70 27 63
67 OPAL 245 19.0 162.8 60 60 24 57
67 CARLA 286 11.8 136.6 60 75 30 78
67 EMMA 305 09.0 135.7 70 55 29 53
67 GILDA 316 13.5 1463 85 45 30 49
68 LUCY 180 16.8 138.0 50 60 24 52
68 WENDY 240 16.1 146.8 70 45 24 48
68 AGNES 245 17.3 142.4 85 50 24 52
68 CARMEN 260 171 148.6 60 55 30 56
68 ELAINE 269 13.5 128.6 SS 75 30 76
68 FAYE 276 15.5 158.3 70 45 24 43
69 VIOLA 204 14.5 136.4 60 70 24 71
69 IDA 289 16.0 144. 40 75 30 78
69 KATHY 310 14.2 132.0 60 65 30 60
70 OLGA 181 14.3 132.4 6S 60 24 60
70 ANITA 230 21.9 138.3 75 50 24 47
70 GEORGIA 252 14.7 131.5 70 60 33 63
70 HOPE 265 17.5 151.6 65 80 24 81
70 JOAN 284 11.5 130.7 60 60 24 54
70 PATSY 320 14.6 135.7 50 so 24 42
71 AMY 12f 07.4 ISI.7 60 85 28 83
71 HARRIET 18S 15.0 115.9 65 50 24 45
71 LUCY 198 15.6 130.1 8s 45 24 46
71 NADINE 203 17.1 133.7 80 so 24 53
71 WENDY 248 20.7 165.5 75 50 24 49
71 BESS 261 18.3 146.8 70 55 24 56
71 IRMA 314 12.8 1374 60 90 24 97
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ONSET INT RATE
YEAR NAME JULIAN LAY LON Vym MR aymsx 4%HR "6 Px TS Lot t7 Lat

DATE N *E (kt) (kt) (m bd ) N " N

72 KIT 6 10.2 132.8 60 18 60 24 53 095 0
73 BILLIE 195 179 IZ5.4 SO 24 80 36 65 16 0 9

73 NORA 277 13.0 131 3 80 60 80 30 72 11 4 1 1

73 PATSY 282 IS.1 13S.9 80 48 65 24 61 12.9 !42

74 !YY 199 141 130.9 SS 24 45 24 42 '2.6 i4 -
75 NINA 213 20.3 130.8 60 18 75 24 63 17 9 Z: i
75 PHYLLIS 225 14.1 136.5 45 12 7S 48 52 13 1
75 ELSIE 283 178 129-0 60 24 75 24 69 IS 3 '78

'S JUNE 322 08.8 142.5 75 42 8s 30 90 06 4 6 0
75 OLGA 140 16.1 124.5 60 162 SO 24 46 11 4 16 3
,6 SALLY 178 181133.875 60 45 24 48 108 , '

76 THERESE 193 10.3 150.6 65S 30 70 30 66 09 2 2 .

76 8ILLIE' 218 175 139.5 75 60 so 24 54 152 5i

'76 FqAN 249 17.1 140.7 65 48 60 24 61 099

76 uOUISE 305 ItZ 138.6 65 36 70 30 so 09 9 12
77 VERA 210 24.9 128.1 65 24 4S 24 47 2s 5 2.
77 9ABE 249 16.7 128.6 85 108 45 24 S3 8 5 13
77 KIM 312 13.3 146.1 55 36 so 24 42 1 5 3

77 LUCY 336 11.4 134.S 55 24 55 24 53 08 4 '

78 FAYE 245 170 1475 55 60 so 30 42 Is 17

78 VIOLA 324 13.8 136.5 65 60 60 24 54 08 33
79 JUDY 230 15.7 1390 SS 24 75 24 69 138 I

79 OWEN 268 210 130.7 75 36 4S 24 49 139 2'
79 TIP 282 13.7 141.1 9S 114 45 24 55 073 :
79 VERA 306 08.0 1409 65 24 70 24 64 07 0 282
80 ELLEN 135 09.5 142.0 65 54 45 24 42 07 1 09 5
80 KIM Z04 13.6 128.6 70 48 60 24 61 100 13 -
80 MARGE 221 15.4 $56.1 45 24 SS 24 56 142 T7 5
s0 PERCY 259 195 125.9 75 66 so 24 48 171 !88
so WYNNE Z81 17.4 141.2 70 120 80 24 85 07 0 06 '
81 CLARA 261 15.7 126.3 75 48 45 24 45 12.7 4 4
81 ELSIE 268 12.2 142.2 SO 18 80 36 59 11 3 125
81 IRMA 325 13.8 140.3 70 42 SS 24 51 134 133
82 BESS 209 168 149.6 9S 114 4S 24 47 144 '6'
82 CECIL 219 20.9 123.7 70 30 so 24 SO 207 2C '
92 KEN 260 18.7 130.0 60 18 4S 24 43 17 a 9'
92 MC 276 12.6 145.4 50 18 75 42 46 123 13 Z
83 WAYNE 204 16.8 130.1 55 18 75 30 68 ISO 174
83 ABBY 219 12.8 135.8 70 30 60 24 65 099 12 4
93 FORREST 265 IS.2 137.9 65 36 8s 24 92 10 4 i 4Z
83 MARGE 307 17.0 139,11 80 66 60 24 67 097 15
84 DINAH 209 21,0 1515. 80 84 45 24 46 21 3 19 3
84 THAD 293 178 145.6 65 24 45 24 40 13 1 173
84 VANESSA 297 12.3 142.2 70 42 75 30 67 09 4 l0 6
84 AGNES 306 08.6 137.3 65 48 so 24 52 05 4 C85
84 BILL 317 12.5 138.4 80 114 so 24 52 139 145
94 DOYLE 340 12.9 133.4 60 48 4S 24 43 08 3 !2Z
85 DOT 288 12.7 139.0 65 36 7S 30 67 10 9 12 "

86 LOLA 138 082 1590 65 30 65 30 S 076 08 2
86 BEN 266 17.8 146.0 70 102 4S 24 43 1 10 175
86 CARMEN 277 16.7 141.7 55 60 4S 30 43 10 9 16 1
86 FORREST 289 16.3 1S1 9 SO 12 so 24 42 143 16;
86 KIM 334 11 4 154.3 65 54 so 24 44 07 4 093
97 THELMA 191 17.7 1340 90 48 40 24 43 146 lr 6
87 WYNNE 20S 12.1 1576 SO 54 55 24 52 055 12 !
87 BETTY 222 113 131,7 SS 24 85 36 68 102 It 5
87 DINAH 236 146 133.7 7S 72 SS 30 it 3 13 5
87 LYNN 291 151 145,0 80 60 60 30 13 0 :3 "
87 NINA 328 12.1 1296 90 114 SS 24 048 095



Appendix C

LIST OF TROPICAL CYCLONES INCLUDED IN CLIMATOLOGICAL

FORECASTING EXPERIMENT

Listing of the tropical cyclones used in a series of three verification experiments to de-

termine the accuracy of a climatological forecast intensity method based on the latitude

of initial tropical storm or typhoon classification. Forecast intensity errors were based on

the official JTWC "best track" and compared to the errors of the official JTWC intensity

forecasts at 24, 48, and 72 hours. There were four types of storm classifications: primary

season (P), off season (0), rapid intensifiers (R), and South China Sea (S).
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CLIMO EXPER 1 CLIMO EXPER 2 CLIMO EXPER 3

NAME MONTH TYPE NAME MONTH TYPE NAME MONTH TYPE

Marie Jun 7? 0 Cora Aug 72 S Roy Jan 88 0
Susan Jul 72 S Therese Dec 72 0 Susan May 88 0
Joan Aug73 S Billie Ju 73 R Thad Jun 88 0
Harriet Jul 74 P Opal Oct 73 S Vanessa Jun 88 0
Carmen Oct 74 P Wanda Jan 74 0 Warren Ju 88 P
Lola Jan 75 0 Rose Aug74 P Agnes Ju 88 P
Phyllis Aug 75 R Mamie Jul 75 P Bill Aug88 P
Grace Oct 75 P Flossie Oct 75 S Clara Aug 88 P
Violet Jul 76 S Lorna Feb 76 0 Doyle Aug 88 R
Nora Dec 76 0 Hope Sep 76 P Elsie Aug 88 P
Patsy Mar 77 0 Sarah Jul 77 S Fabian Aug 88 P
Emma Sep 77 P ivy Oct 77 P Gay Sep 88 P
Virginia Jul 78 P Olive Apr 78 0 Hal Sep 88 P
Ora Oct 78 P Irma Sep 78 P Irma Sep 88 P
Cecil Apr 79 0 Gordon Jul 79 P Jeff Sep 88 P
Lola Sep 79 P Sarah Oct 79 S Kit Sep 88 S
Norris Aug80 P Ben Dec 79 0 Lee Sep 88 P
Betty Oct 80 P Forrest May 80 0 Nelson Oct 88 R
Holly Apr 81 0 Percy Sep 80 R Odessa Oct 88 P
Clara Sep 81 R Roy Aug81 S Pat Oct88 P
Kit Dec 81 0 Fabian Oct 81 S Ruby Oct 88 P
Dot Aug 82 P Ruby Jun 82 0 Skip Nov 88 P
Pamela Nov 82 P Hope Sep 82 P Tess Nov 88 S
Sarah Jun83 S Dom Aug83 P Val Dec 88 0
Forrest Sep 83 R Orchid Nov 83 P
Gerald Aug 84 S Wynne Jun 84 0
Agnes Oct 84 R Kelly Sep 84 P
Hal Jun85 0 Mamie Aug85 P
Winona Sep 85 S Gordon Nov 85 S
Vera Aug 86 P Peggy Jul 86 P
Herbert Nov 86 S Ben Sep 86 R
Thelma Jul 87 R Cary Aug87 P
Freda Aug 87 P Nina Nov 87 R



Appendix D

LIST OF TROPICAL CYCLONES USED FOR SATELLITE ANALYSIS

Listing of the tropical cyclones used to determine differences between satellite-derived

estimates of intensity from the Dvorak Data T-number and aircraft measurements of

intensity from minimum sea level pressure or 700 hPa height. Rapid intensifiers were

defined to be tropical cyclones that intensified at a rate greater than 42 hPa per day for

a period of at least 24 hours.

NON-RAPID RAPID
INTENSIFIERS INTENSIFIERS

Vera Jul 83 Wayne Jul 83
Ellen Sep 83 Abby Aug 83
Ida Oct 83 Forrest Sep 83
Orchid Nov 83 Marge Nov 83
Alex Jul 84 Dinah Jul 84
Cary Jul 84 Thad Oct 84
Kelly Sep 84 Vanessa Oct 84
Irma Am 85 Agnes Nov 84
Nelson Aug 85 Bill Nov 84
Pat Aug 85 Doyle Dec 84
Brenda Oct 85 Dot Oct 85
Cecil Oct 85 Lola May 86
Faye Oct 85 Ben Sep 86
Hope Dec 85 Carmen Oct 86
Peggy Jul 86 Forrest Oct 86
Joe Nov 86 Kim Dec 86
Norris Dec 86 Thellma Jul 87
Orchid Jan 87 Wynne Jul 87

Betty Aug 87


